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Abstract

This thesis presents microstructural investigations of rock salt from the central part of the Gorleben
salt dome (Northern Germany). The main emphasis was to characterize the rock salt microfabrics, to
identify operating deformation mechanisms in halite and anhydrite and to decipher the macro- and
microstructural distribution of hydrocarbons, which have been encountered during the underground
exploration of the salt dome.

The microfabrics of the Knduel- and the Streifensalz formation indicate that strain-induced grain
boundary migration has been active during deformation of halite. Crystal plastic deformation of halite
is further documented by lattice bending, subgrain formation and minor subgrain rotation. Evidence for
pressure solution of halite has not been found, but cannot be excluded because of the small grain size,
the lack of LPO and the low differential stress (1.1 - 1.3 MPa) as deduced from subgrain-size piezometry.
Solution precipitation creep was proven for intercalated anhydrite layers and clusters, which have been
deformed in the brittle-ductile regime. Brittle deformation of anhydrite in terms of boudinage and
fracturing was counteracted by viscous creep of halite which caused a re-sealing of fractures and a re-
establishing of the characteristic sealing capacity of rock salt.

Hydrocarbons are mainly located along cross cut 1 West of the Gorleben exploration mine and are
heterogeneously distributed in the rock salt. They are incorporated in the rock salt foliation in the
form of streaks, dispersed clouds, clusters and isolated patches. On the micro-scale, hydrocarbons are
trapped along grain boundaries of halite and/or anhydrite, in micro-capillary tubes of anhydrite and in
pore space of the rare rock salt with elevated porosity (< 1.26 vol.-%). Such elevated porosities correlate
with elevated hydrocarbon concentrations of several hundred ppm. The overall concentrations of
hydrocarbons, however, are very low (< 0.05 wt.-%). Elevated porosity is depicted to be a remnant
originating from an early stage of salt uplift when fluid and hydrocarbons have migrated and spread
from the Staflfurt-Karbonat (z2SK) into the superjacent Gorleben Hauptsalz. During halokinesis and the
strong reworking of the salt body hydrocarbons have been redistributed and dismembered resulting in
the isolated present-day occurrences.

The distribution of hydrocarbons shows no relation to local variations in the rock salt fabric. The
microstructures of hydrocarbon-bearingand hydrocarbon-free Gorlebenrocksaltare notdistinguishable
from each other. Likewise, the presence of hydrocarbons should not have influenced the mechanical
behavior or the rock salt as indicated by the microfabrics studied and by geomechanical data. The
pure amounts of hydrocarbons are too low for any detectable impact on the barrier properties of this
part of rock salt. Although hydrocarbons have migrated into the Gorleben Hauptsalz during an early
stage of salt uplift when the sealing capacity of rock salt was diminished, the major implication of their
isolated distribution patterns is that the Gorleben rock salt was able to regain its sealing capacity during
subsequent deformation and re-equilibration. Former migration pathways for fluid and hydrocarbons
have been healed and do not exist anymore.

The application of X-ray computed tomography (CT) allows the 3D visualization and quantification of
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anhydrite, pore space and fluid phases located along grain-boundaries or trapped as intracrystalline
inclusions. The 3D reconstruction of anhydrite clusters and pore space for the same sample reveals
different spatial distribution patterns. This fact implies that anhydrite is not responsible for such
elevated pore space in the rock salt studied, which has been largely closed during the polyphase
deformation history of the Gorleben salt dome. High-resolution nanoCT scans (< 1 pm voxel size) of
single intra- and intercrystalline fluid inclusions in rock salt enable a characterization of gaseous, solid
and liquid phases inside single fluid inclusions and give exact information on morphology and shape.
The 3D reconstruction of grain boundary fluid inclusions allows the amount, volumes, surface areas or
diameters of various types to be determined.

Non-destructive X-ray CT imaging is presented as very useful tool to characterize the structural inventory
of rock salt. This non-destructive technique offers new perspectives for microstructural studies and for

a wide range of research in structural geology, in general.
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Kurzfassung

Die vorliegende Arbeit prasentiert mikrostrukturelle Untersuchungen an Steinsalz aus dem Zentralteil
des Salzstockes Gorleben (Norddeutschland). Ein Schwerpunkt dieser Arbeit bestand darin, die
Steinsalz-Mikrogeflige zu charakterisieren, aktive Deformationsmechanismen in Halit und Anhydrit zu
identifizieren und die makro- und mikroskopische Verteilung von Kohlenwasserstoffen zu entschliisseln,
die wahrend der Unter-Tage-Erkundung des Salzstockes angetroffen worden sind.

Die Mikrogeflige der Knduel- und Streifensalz-Formation bezeugen, dass Strain-induzierte
Grenzflaichenwanderung wahrend der Deformation im Halit aktiv gewesen ist. Kristallplastische
Deformation von Halit ist zudem anhand von Gitterverbiegung, Subkornbildung und schwacher
Subkornrotation dokumentiert. Evidenz fiir Drucklosung ist im Halit nicht festgestellt worden, kann
jedoch aufgrund der geringen KorngrofRe, dem Fehlen einer kristallographischen Vorzugsorientierung
und der anhand von Subkorn-Piezometrie ermittelten, geringen Differenzialspannungen (1,1 - 1,3
MPa) nicht ausgeschlossen werden. Losungs-Fallungskriechen konnte jedoch in zwischengeschalteten
Anhydritlagen und -kndueln nachgewiesen werden, die im spréd-duktilen Regime deformiert wurden.
Der sproden Deformation von Anhydrit in Form von Boudinage und Rissbildung wurde durch viskoses
Kriechen des Halits entgegengewirkt, wodurch Risse verheilten und eine Wiederherstellung des
charakteristischen Abdichtungsvermogens des Steinsalzes erfolgte.

Kohlenwasserstoffe sind im Erkundungsbergwerk Gorleben hauptsachlich entlang von Querschlag 1
West lokalisiert und im Steinsalz heterogen verteilt. Sie folgen in ihrer Anlage der Steinsalzfoliation in
Form von Schlieren, diffusen Wolken, Clustern und isolierten Flecken. Im mikroskopischen Malistab
liegen Kohlenwasserstoffe auf Halit- und Anhydrit-Korngrenzen vor sowie in Mikrokapillaren des
Anhydrits und in Porenraum von Steinsalz, das in seltenen Fallen erhéhte Porositaten aufweist (< 1,26
Vol.-%). Letztere sind korrelierbar mit erhohten Kohlenwasserstoff-Konzentrationen von mehreren
hundert ppm. The Gesamtkonzentration der Kohlenwasserstoffe ist jedoch sehr niedrig (< 0,05 Gew.-%).
Erhohte Porositaten werden als Relikte einer Friihphase des Salzaufstiegs verstanden, als Fluide und
Kohlenwasserstoffe aus dem StalSfurt-Karbonatin das Uiberlagernde Hauptsalz des Salzstockes Gorleben
migrierten und verteilt wurden. Wahrend der Halokinese und dem starken Verkneten des Salzkdrpers
wurden die Kohlenwasserstoffe umverteilt und auseinander gerissen, wodurch die heutigen, isolierten
Vorkommen zu erkldren sind.

Die Verteilung der Kohlenwasserstoffe ist nicht mit lokalen Variationen im Steinsalz-Geflige korrelierbar.
Die Mikrostrukturen von Kohlenwasserstoff-flihrendem und Kohlenwasserstoff-freiem Steinsalz zeigen
keine Unterschiede. Somit sollte das Vorhandensein von Kohlenwasserstoffen keinen Einfluss auf das
mechanische Verhalten des Steinsalzes gehabt haben, was durch die beobachteten Mikrostrukturen und
durch geomechanische Daten bestatigt wird. Die reinen Gehalte an Kohlenwasserstoffen sind zu gering,
umeinenEinflussaufdieBarriere-Eigenschaftendes Steinsalzeszubewirken. ObwohlKohlenwasserstoffe
in einer Friilhphase des Salzaufstieges, als das Abdichtungsvermdgen des Salzes geringer war, in das

Gorleben-Hauptsalz migrierten, implizieren die heute isolierten Verteilungsmuster, dass das Gorleben-
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Steinsalz wahrend der anschlieRenden Deformationsphasen sein Abdichtungsvermogen zurlickerlangt
hat. Ehemalige Migrationspfade fiir Fluide und Kohlenwasserstoffe sind verheilt und nicht mehr
vorhanden.

Die Verwendung der Rontgen-Computertomographie ermoglicht eine 3D-Visualisierung und
Quantifizierung von Anhydrit, Porenraum und Fluidphasen, die auf Korngrenzen lokalisiert sind oder
als intrakristalline Einschllsse vorliegen. Die 3D-Rekonstruktion von Anhydrit-Clustern und Porenraum
der gleichen Probe ergibt unterschiedliche Verteilungsmuster. Dieser Aspekt impliziert, dass Anhydrit
nicht fir den erhéhten Porenraum im untersuchten Steinsalz verantwortlich ist, welcher wahrend der
mehrphasigen Deformationsgeschichte des Salzstockes Gorleben {iberwiegend geschlossen wurde.
Hochauflosende nanoCT-Scans (< 1 um Voxelgréfie) von intra- und interkristallinen Fluideinschliissen in
Steinsalz ermdglichen eine Charakterisierung von gasférmigen, festen und fliissigen Phasen innerhalb
der Einschliisse und geben exakte Informationen liber Morphologie und Form. Die 3D-Rekonstruktion
von Korngrenz-Fluiden erlaubt es, Mengen, Volumina, Oberflachen oder Durchmesser verschiedener
Formen zu bestimmen.

Zerstorungsfreie Rontgen-Computertomographie erweist sich als sehr geeignete Methode, um das
strukturelle Inventar von Steinsalz zu charakterisieren. Diese zerstorungsfreie Technik er6ffnet neue
Perspektiven flir mikrostrukturelle Untersuchungen aber auch fiir ein breites Forschungsfeld der

Strukturgeologie allgemein.
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Chapter 1:
Introduction of the thesis

1.1. Subject

The present thesis examines the microfabrics and deformation mechanisms of Zechstein rocks of the
Gorleben salt dome in Northern Germany. The main focus is set on the Hauptsalz group (z2HS), which
forms the major portion of the Gorleben salt dome and consists of several rock salt formations. Since
“rock salt”, defined as a crystalline aggregate primarily composed of halite (NaCl) (Jackson, 1997; Hudec
and Jackson, 2007), acts as a quasi-impermeable natural seal due to its specific material properties, the
Gorleben Hauptsalz group is considered to be used for a final nuclear waste repository.

Extensive underground research carried out in the Gorleben exploration mine revealed the presence
of oil and gas (hydrocarbons) mainly distributed along cross cut 1 West at the 840 m exploration level.
The presence of these hydrocarbons entailed further investigations in various disciplines concerning
provenance, spatial distribution, potential influence on the rock salt barrier properties and significance
for the fundamental safety assessment required for a potential nuclear waste repository. One of the
major aims was to decipher the rock salt microfabrics in order to better understand the irregular
distribution of the hydrocarbons and to determine whether microstructural characteristics can be
found in hydrocarbon-impregnated and hydrocarbon-free rock salt. Therefore, traditional and modern
analytical techniques were combined to investigate the Gorleben rock salt fabrics.

This chapter introduces the topic of nuclear waste storage in rock salt and, more specifically, in the
Gorleben salt dome, including a brief review of the specific material properties, the geological setting of
the study area and the previous work focusing on hydrocarbon occurrences. Furthermore, the sample
material and the various methods used for the structural investigations are listed. Finally, the major
aims and the overall structure of the thesis are presented.

Since single chapters of this thesis represent stand-alone, published articles and one submitted
manuscript, it is inevitable that certain parts are repeated, such as the geological setting of Gorleben,

methods applied or microstructural aspects of the rock salt samples.
1.2. Scope, study area and previous work

1.2.1 The Gorleben salt dome as a nuclear waste repository

Rock salt deposits are considered for nuclear waste disposal due to the characteristic barrier properties
of rock salt, e.g. its sealing capacity in particular (e.g. Carter and Hansen, 1983; Hermann and Knipping,
1993; Hunsche and Hampel, 1999; Schulze et al., 2001; Powers and Holts, 2008 and references therein).
The search for a suitable geological structure for constructing a final repository in Germany has now
lasted for several decades and will continue in the future, since an adequate and satisfactory solution
has not been found yet. The Gorleben salt dome in Northern Germany is considered to be one of the

most adequate sites and is being discussed as a suitable repository. Although the scientific investigation
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has recently been stopped, Gorleben is officially still considered as a potential site, however, without
drawinga predetermined conclusiononits suitabilityin the current politicaldiscussion. In the framework
of nuclear waste disposal, the Gorleben salt dome represents a prime example how extensively the
scientific exploration of a potential site must be performed in order to enable a solid consideration
on potential hazardous aspects and FEP scenarios (Features, Events, Processes) for humans and the
environment (e.g. Buhmann et al., 2008). In this context, geological investigations of potential sites play
an essential role for estimating the future safety for a potential repository in natural formations, such
as salt domes.

Since 1979 substantial investigations of the Gorleben salt dome have been performed including
underground explorations starting in 1986 (BMWi, 2008). Apart from the fact that the exploration of the
Gorleben salt dome was interrupted due to a standstill agreement, officially declared by the government
for the period from 2000 until 2010 (moratorium), substantial knowledge was gained about the internal
and external structure of the Gorleben salt dome regarding the geology and hydrology of the overburden
and the adjoining rock (Klinge et al., 2007; Kothe et al., 2007), the surface and the underground of the
salt dome (Bornemann et al., 2008) and many other geotechnical aspects (Brauer et al., 2011). Moreover,
the safety assessmentincludes a geotechnical safety concept and a detailed repository design in case of
installing a final repository (Weber et al., 2011a).

The construction of the Gorleben exploration mine was valuable for in-situ measurements and gave
access to a very large amount of sample material preserved by numerous boreholes. During the
technical and geological underground exploration oil and gas encountered in different stratigraphic
formations of the salt dome have become a major focus of interest (Bornemann et al, 2008). Since
hydrocarbons are natural constituents of salt rocks (e.g. Popp et al., 2002; Bornemann et al., 2008)
underground drillings can be accompanied by oil and gas leakage, or in extreme cases by gas outbursts,
causing serious problems to mine operators and even resulting in fatal accidents (e.g. Ehgartner et al.,
1998, and references therein).

Apart from the safety aspects for miners, the presence of hydrocarbons in Gorleben entailed further
questions regarding various aspects and potential processes, which have to be analyzed and evaluated
in the theoretical case of storing heat-generating nuclear waste inside the salt dome (Weber et al.,
2011b), for instance chemical reactions with waste casks and subsequent cask corrosion. For every
process with a direct or an indirect effect on the barrier integrity, it needs to be clarified how the
presence of hydrocarbons might negatively influence or complicate the barrier properties and therefore
influence the entire safety assessment and the systematic concepts for nuclear waste storage in rock
salt (Weber et al., 2011a, b). Besides potential effects arising from the presence of hydrocarbons, the
origin, the transport and the present-day occurrence of hydrocarbons in the Gorleben salt dome are
of major importance to understand and evaluate their distribution and, furthermore, their potential

behavior in the case of storing heat-generating nuclear waste in the surrounding rock salt mass. In this
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framework, macro- and microstructural investigations of hydrocarbon-impregnated rock salt are of
the utmost importance and contribute to a comprehensive safety analysis conducted in the Gorleben

exploration mine.

1.2.2. The role of rock salt
1.2.2.1. Material properties

Thebasicideaof constructing nuclear waste repositoriesinside rock salt depositsis related to the specific
rock salt properties. Rock salt is characterized by low permeability, low porosity, low water content (e.g.
Sutherland and Cave, 1980; Carter and Hansen, 1983; Peach, 1991; Popp et al., 2007, 2012) and high
thermal conductivity (Dreyer, 1974; Weber et al., 2013). Moreover, the rheological material properties
include viscous flow and (self-)healing capacity under upper crustal conditions (e.g. Schulze et al., 2001,
2007; Chen et al., 2013), which guarantee a recovery from damage (e.g. Fischbeck and Bornemann,
1993). This ability of rock salt for recovery enables a (re-)establishing of a quasi-impermeable geological
barrier over arelatively short amount of time. Regarding the viscous flow of rock salt at low temperature,
potential sites for a repository were selected and cut in the massive Zechstein salt rock of the Staf¥furt
Series (z2, Chapter 1.2.3.1.) due to high creep rates of this salt sequence compared to other sequences
(Hunsche et al., 2003; Hammer et al., 2012; Weber et al., 2013).

A short-term interruption of the rock salt sealing capacity is related to the underground excavation
diminishing the geological integrity around the shafts and drifts. This excavation damage zone (EDZ)
is characterized by dilatancy resulting in increased permeability and potential migration pathways for
fluids in the EDZ (e.g. Borns and Stormont, 1989; Stormont and Daemen, 1992; Cristescu and Hunsche,
1998; Popp et al., 2001; Schulze, et al., 2001). However, the EDZ around the exploration mine at the
840 m level only extends into the rock salt wall by approximately 30 cm (Brauer et al., 2011; Weber et
al., 2013). When drifts are re-sealed with backfill, the geological integrity is re-established by the self-
healing ability of rock salt due to the creep behavior and the humidity-assisted compaction (Popp and
Minkley, 2008; Popp et al., 2010). The deformation behavior and operating deformation mechanisms in
halite rocks are further reviewed in Chapter 1.2.2.2.

Apart from the favorable material properties of rock salt, there are further reasons why salt rock could
be used for the deposition of waste in Germany. Firstly, salt beds, pillows or domes are distributed quite
frequently in Northern Germany (Fig. 1.1) (e.g. Hudec and Jackson, 2007; Reinhold et al., 2008, 2014;
Vackiner et al., 2013). Secondly, there is a comprehensive German and international experience in salt
exploration and mining, and a large amount of results of rock salt repository research from the USA
since the mid 1950’s is available (e.g. the waste isolation pilot plant (WIPP), e.g. Powers and Holt, 2008).
According to all these factors, rock salt certainly represents a suitable medium for nuclear waste storage
in theory due to its qualifying material properties. However, a reliable safety assessment has to be

carried out for every considered natural site due to the particular and unique, geological circumstances.
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Fig. 1.1: Salt structures of Northern Germany. The NE-SW striking Gorleben salt dome (arrow) represents
one of ca. 450 salt stocks and pillows mainly from the Upper Permian (Zechstein) (from BGR, modified; see
e.g. Reinhold et al., 2008, 2014).

1.2.2.2. Deformation mechanisms in halite and rock salt

The material properties of rock salt listed above (Chapter 1.2.2.1.) are basically related to the deformation
behavior of halite. In naturally deforming rock salt, a couple of deformation mechanisms can (co-)
occur, which have recently been reviewed by Urai and Spiers (2007) (Fig. 1.2). Under natural halokinetic
conditions (20-200 °C) the deformation behavior of rock salt is largely controlled by temperature,
differential stress, confining pressure, grain size, amount of impurities and water content (Urai and
Spiers, 2007, and references therein).

Dislocation creep results from glide and climb of dislocations within the crystal lattice causing a
reduction of the internal strain energy of grains (e.g. Poirier, 1985). As a result, subgrains may develop,
which reflect domains of homogeneous crystallographic orientation separated by boundaries with a low
misorientation (<10°). The formation of subgrains as recovery mechanismis influenced by temperature,
differential stress and strain rate, and furthermore by material properties, such as grain orientation,
grain size and fluid content (e.g. Pennock et al., 2005). There is strong evidence that the pure formation
of subgrains is able to accommodate significant amounts of strain (Linckens et al., submitted).

Rotation of subgrains may result in high-angle boundaries (misorientation angle > 10°) and formation
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of new recrystallized grains, the latter with a lower amount of dislocations compared to the host grain.
This process is called subgrain rotation recrystallization (SGR) (e.g. Drury and Urai, 1990). Additionally,
the migration of a subgrain boundary through an area of cumulative lattice rotation is defined as sub-
boundary migration and can also result in high-angle misorientations (Drury and Urai, 1990). Asummary
of SGR operating in minerals is presented in Drury and Pennock (2007) and the contribution of SGR

recrystallization in Gorleben rock salt is investigated and discussed in Chapter 2.

Fig. 1.2: Microstructural processes operating during deformation of halite (from Urai
and Spiers, 2007). Shades of green represent differently oriented halite crystals.

Another potential deformation mechanism is pressure solution. Highly stressed parts of halite grains,
such as domains adjacent to grain contacts, are prone for being dissolved. The dissolved material can
be transported and removed by grain boundary fluids finally becoming re-deposited from the latter
at sites of low stress (e.g. Schutjens and Spiers, 1999; Passchier and Trouw, 2005; Urai and Spiers,
2007). Evidence for solution precipitation creep has been found in salt glaciers of Iran (Talbot, 1981;
Jackson and Talbot, 1986; Talbot et al., 2000) or in Zechstein rock salt from Neuhof salt mine in Germany
(Schléder et al., 2008).

Dynamic recrystallization in terms of (strain-induced) grain boundary migration (GBM) (Urai et al., 1986a,
b) plays a significant role for the deformation of rock salt (e.g. Schenk and Urai, 2004; Ter Heege et al.,
20054, b; Schléder, 2006). GBM is driven by differences in dislocation density across grain boundaries and
significantly supported by grain boundary fluids (Peach et al., 2001; Urai and Spiers, 2007). The ductile
(long-term) behavior or rock salt (Carter and Hansen, 1983; Carter et al., 1993) is already supported by
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relatively low amounts of water (Urai et al., 1986a; Ter Heege et al., 2005a). Therefore, natural fluids
should have a significant impact on rock salt deformation, because already small amounts of brine may
result in mechanical weakening of rock salt (Urai et al., 1986a, b, Peach et al., 2001; Ter Heege et al.,
2005a; Pennock et al., 2006; Urai and Spiers, 2007; Zhang et al., 2007).

Fracturing and intergranular slip of halite are related to volume increase (dilatancy) and thus occur
under high differential stress and low effective confining pressure at uppermost crustal conditions.
Fracturing and dilatancy also occur under (semi)brittle conditions in the EDZ (e.g. Borns and Stormont,
1989; Cristescu and Hunsche, 1998; Schulze, et al., 2001; Urai and Spiers, 2007). At deeper structural
levels, where confining pressure is high, dilatant behavior and increased permeability can only be
initiated by elevated fluid pressure (e.g. Schoenherr et al., 2007), although hydraulic fracturing is not
expected to occur in z2HS rock salt as reported by Schulze et al. (2001) and Schulze (2013). In the case
of dilatancy, the healing of open fissures in rock salt is ensured by the viscous flow and the precipitation

of halite (Bornemann et al., 2008).

1.2.3 The Gorleben salt dome
1.2.3.1. Geological setting and structural evolution

The Gorleben salt dome in Northern Germany is situated halfway between Hamburg and Berlin (Fig.
1.1) and mainly consists of Upper Permian (Zechstein) rock salt formations. The Gorleben salt structure
extends from NE to SW over a distance of approximately 14 km (Bornemann et al., 2008).

Stratigraphic sequences in the Gorleben area are mainly based on ca. 50 boreholes (e.g. Bornemann
1982; Bornemann and Fischbeck 1986) and include the StaRfurt (z2), Leine (z3) and Aller Series (z4).
The z2 sequence is forming the central part of the salt dome while z3 and z4 are forming the margins
(Fig. 1.3) (Weber et al., 2013). Sea water evaporation in the North German Basin during the Zechstein
occurred in several cycles involving inflow of fresh sea water and subsequent isolation of the basin (e.g.
Zhang et al., 2013). The preservation of primary bromide distribution in the Stalfurt (z2) and the Leine
Series (z3) corresponds to a progressive evaporation phase (Bornemann et al., 2008). It is possible to
correlate the stratigraphic sequences with potash mining sites and salt mines of Saxony-Anhalt (Weber
et al., 2013), and although this correlation reveals relatively uniform sedimentation in the Zechstein
Basin, thicknesses of the single series and formations can vary depending on the position within the
specific salt structures (Bornemann et al., 2008). A simplified stratigraphic table of the main salt units
is shown in Chapter 4.2. A further geological cross section of the salt dome and a top view of the 840 m
level (exploration area 1) are presented in Chapter 2.2.

Zirngast (1996) combined drilling and reflection-seismic data to reconstruct the structural development
of the Gorleben salt dome (Fig. 1.4). The investigation of the sedimentary fill of peripheral sinks allowed
identifying 13 successive stages from the Late Buntsandstein (R6t) to the present day (see Jaritz, 1980;

Zirngast, 1991). Altogether, 280 km? of salt has flowed into the salt dome since the beginning of diapirism
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and more than 60 % of the initial source salt beds with an original thickness of ca. 1150-1400 m have
moved upwards into the dome (Zirngast, 1996). Zirngast further calculated the highest salt flow rates for

the narrowest parts of the salt dome by 0.14 mm per year during the Late Cretaceous.

Fig. 1.3: Simplified cross section of the Gorleben salt dome (from Bornemann et al., 2008) with the central
part composed by the Stal3furt series (z2). The repository level within z2HS corresponds to the exploration
mine at the 840 m level. The black arrows at the top represent boreholes.

The lowest rate was determined for the most recent period (Miocene to Quaternary) by 0.03 mm per
year. Furthermore, the theoretical rates of salt rise of the dome surface (salt table) were calculated by
a maximum of 0.088 mm per year (Late Cretaceous) and by a minimum of 0.018 mm per year from the
Miocene to the Quaternary. From the Malm to the Lower Cretaceous the salt pillow stage ended and
the main diapir stage began by upward penetration through the overlying beds (Weber et al., 2013).
Salt rise was generally counteracted by salt erosion and subrosion (Zirngast, 1996). Today, the base
of Zechstein salt is situated at a depth between 3200 and 3400 m. The top salt is around 250 m below
ground level (Bornemann et al., 2008). Only minor regional tectonic stresses exist in the present days
and no evidence for any major movement along active fault zones is given (Weber et al., 2013). Further
information on salt flow rates and the structural geology of the Gorleben salt dome are described in
Zirngast (1996) and Bornemann et al. (2008).
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Today, the Gorleben salt dome is covered by a cap rock with an average thickness of 30 m (Fig. 1.3).
Quaternary sediments are resting on top of the cap rock and partly directly on top of the salt in the area

of the Gorleben channel. Due to glacial erosion, this channel penetrated ca. 100 m into the salt dome at
around 400.000 B.P. (Weber et al., 2013).

Fig. 1.4: Structural evolution of the Gorleben salt dome (from Bornemann et al., 2008). See
text for explanation.
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1.2.3.2. Hydrocarbon occurrences

The sealing capacity of rock salt is a decisive factor for the entrapment of oil and gas in adjacent
reservoir and source rocks (e.g. Parnell, 1994; Tang et al., 2004; Warren, 2006). However, hydrocarbons
occur inside the rock salt structure as well, which is related to different scenarios. As a primary origin,
organic matter of the sea water column is deposited in a shallow marine basin and is subsequently
enclosed by precipitating minerals (e.g. halite) during the deposition of evaporites. As a consequence,
organic (autochthonous) matter is directly trapped in rock salt (e.g. Tissot and Welte, 1984; Gerling
and Faber, 2002; Weber et al., 2011b). As a post-sedimentary origin, the migration and entrapment of
matured organic matter (oil and gas) from underlying or intercalated organic-rich source or reservoir
rocks into top salts is a well known phenomenon (e.g. Schoenherr et al., 2007) and was also assumed
for hydrocarbons found in the Gorleben salt dome (e.g. Siemann and Ellendorff, 2001; Gerling and
Faber, 2002). Intercalated layers of carbonate or anhydrite rocks (“stringers”; see Van Gent et al., 2011)
represent potential reservoirs for organic fluids inside rock salt formations (Peters et al., 2003; Al-Siyabi,
2005), which can be characterized by very high fluid pressures (Williamson, 1997). Since hydrocarbons
are natural constituents of evaporites, rock salt deposits are often associated with the occurrence of
hydrocarbons (Tissot and Welte, 1984; Popp et al., 2002) and occur in many salt mines in Northern
Germany (e.g. Siemann, 2007; Bornemann et al., 2008).

However, in contrast to highly porous reservoir rocks, such as sandstones or carbonates, pure
concentrations of oil and gas entrapped in rock salt are usually in the ppb range (Gerling et al.,
1991). These very low amounts are mainly due to the high entry pressures and the low porosity and
permeability of rock salt (e.g. Popp et al., 2001; Schoenherr et al., 2007). In the case of the Gorleben salt
dome, the hydrocarbon occurrences are studied in respect to safety issues, primarily.

Hydrocarbons in the Gorleben exploration mine were encountered in various types of rocks and various
stratigraphic units, for instance in anhydrite rocks or claystones, in the Kalifloz-Stalfurt (z2SF) or in fault
and fissure zones at the z2/z3 boundary (Bornemann et al., 2008). Due to a reworking and “squeezing” of
the massive Hauptsalz group (z2HS) during salt uplift, the brines and gases were generally redistributed,
particularly into the top salt or into the anhydrite-joint reservoirs (Weber et al., 2013). Due to this fact
the average fluid content of the Gorleben Hauptsalz was quantified as less than 0.02 vol.-% (Bornemann
et al., 2008, and references therein). Such very low fluid contents of naturally-deformed rock salt
especially apply for domal salts (Carter and Hansen, 1983). The major occurrences of hydrocarbons in
the Gorleben exploration mine are located along cross cut 1 West (Bornemann et al., 2008; Hammer et
al., 2012, 2013), whereas impregnations along cross cut 1 East occur only subordinately (Hammer et al.,
2013).

The first microstructural investigations of Gorleben Hauptsalz fabrics in the context of hydrocarbon
impregnations were conducted by Fischer (2000), who determined very low hydrocarbon contentsin the

range of 0.02-0.03 %. The comparison between grain fabrics from hydrocarbon-free and hydrocarbon-
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bearing zones revealed slight discrepancies regarding halite grain size and halite grain elongation
(Fischer, 2000), which were subsequently quantified by Popp et al. (2002) (Fig. 1.5). According to Popp et
al. (2002), hydrocarbon-bearing zones revealed smaller halite grain size and more distinctly developed
grain orientations compared to hydrocarbon-free zones. This idea was reassessed in the present thesis
and extended by three-dimensional grain shape analyses, because the approach found by Popp et al.
(2002) was only limited to one sample and therefore statistically not trustworthy. The relation between
the Gorleben rock salt fabrics and hydrocarbon impregnations are illustrated in Appendix A (Figs. A1.2

and A2.2).

Fig. 1.5: Retraced halite grain masks from Gorleben Hauptsalz sample analyzed in
respect to grain orientation and grain size (from Popp et al., 2002). Gray-shaded areas
represent hydrocarbon impregnations.

1.3. Sample material and methods

1.3.1. Rock salt samples and stratigraphic formations

The majority of the samples investigated were collected from drill cores along cross cut 1 West and 1
East at the 840 m level (Exploration area 1) of the Gorleben salt dome. Altogether, 45 boreholes with a

length of 6 to 9 m have been drilled in nearly constant distances into the Hauptsalz rocks as part of a
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further geological exploration of the salt dome (Hammer et al., 2012, 2013, 2015a, b; see Pusch et al.,
2014, Chapter 4). As an exceptional case, the anhydrite rocks examined in Chapter 3 derive from the
Gorleben-Bank (z30SM).

The majority of the boreholes drilled in exploration area 1 cover the two lowermost units of the
Hauptsalz (z2HS): The Knduelsalz formation (z2HS1) and the Streifensalz formation (z2HS2). These two
formations are the main constituents of the central part of the Gorleben salt dome (Fig. 2.1 in Chapter 2
and Fig. 4.4 in Chapter 4) and are mainly composed of halite (approx. 95 vol.-%) and anhydrite (approx.
5vol.-%). The terms Knduel (English: nodule or cluster) and Streifen (English: strip or band) are related
to the characteristic anhydrite distribution. Especially the z2HS1 formation reveals strongly knotted
and disrupted anhydrite clusters, which is why both formations are also described as salt tectonic
breccia (Bornemann et al., 2008). The former anhydrite layers have been torn and disrupted due to the
polyphase deformation during the salt uplift (Bornemann et al., 2008; see Chapters 2 and 7 for further
details). A typical sampling sequence along cross cut 1 West is shown in Figure 2.1b (Chapter 2) or in

Figure A2.1 (Appendix A).

1.3.2. Methods and tools

The data and results of the present thesis were obtained using various methods and tools. The major

techniques for microstructural investigations of the rock salt fabrics are the following:

1) Polarized light microscopy using reflected, transmitted and ultraviolet (UV) light on etched or
ground/polished thick and thin sections to analyze the rock salt microstructures. Etched sections were
used to study the size and shape of halite subgrains, and fluorescence microscopy was used to trace
hydrocarbons (Chapter 2).

2) Flat bed scanning of drill core segments to capture and retrace the halite grain masks used for
geometric measurements and a reconstruction of 3D grain shape ellipsoids (Chapter 2).

3) Scanning electron microscopy (SEM) combined with Electron backscatter diffraction (EBSD) to analyze
rock salt textures, lattice preferred orientation (LPO) and subgrain fabrics (Chapter 2). A comprehensive
description of EBSD basics and typical examples is presented in Maitland and Sitzmann (2007).

4) Digital photography of rock salt drill cores under reflected, transmitted and ultraviolet light to
characterize the rock fabrics and the distribution of fluorescing hydrocarbons, which was followed by
a 3D visualization of the drill cores from cross cut 1 West and 1 East using an AutoCAD-based openGEO
software (Chapter 4).

5) Non-destructive X-ray computed tomography (CT) to visualize and quantify mineral phases, porosity
and (multi-phase) fluid inclusions (Chapters 5, 6 and 7). An overview of the technology and the

application of CT imaging in the geosciences are illustrated and reviewed in Chnudde and Boone (2013).
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The analytical techniques listed above represent those techniques applied for microstructural
investigations. Supplementary methods and tools concerning geochemical, geo-mechanical and

mineralogical analyses are briefly presented in Chapters 3, 4 and 5.

1.4. Aims of the thesis

The present thesis mainly focuses on the fabrics and hydrocarbons in Gorleben Hauptsalz (z2HS). The
major aim was to unravel the main deformation mechanisms in both halite and anhydrite operating
during the deformation history of the Gorleben rock salt. Regarding the role of hydrocarbons, a main
question to be solved was how the hydrocarbons are distributed within the rock salt on both macro-
and microscopic scale and whether hydrocarbon-free and hydrocarbon-impregnated rock salt are
differentin grain fabrics as previously suggested by Popp et al. (2002) (Fig. 1.5). Apart from thick and thin
section analyses, a major focus was on the application of high resolution X-ray computed tomography
(CT) to quantify and visualize the structural inventory, anhydrite inclusions in halite matrix, fluid phases
and potential fluid reservoirs, such as elevated porosities. The 3D visualization and quantification of
different types and phases of fluid inclusions has been carried out for the first time. Since the CT lab
at the Johann Wolfgang Goethe-University has recently been established, a summary and record of CT

handling aspects and hands-on experience are included in the present thesis (Appendix B).

1.5. Structure of the thesis

1.5.1. Overview

Chapter 2 deals with operating deformation mechanisms of Gorleben z2HS1 and z2H2 as derived from
the microstructures and textures, the latter obtained using electron backscatter diffraction (EBSD).
Based on the size of halite subgrains, the paleo-differential stress is determined, and the 3D geometry
of the halite grain shape is derived from sectional grain shape masks. Detailed grain shape and subgrain
data, as well as their relation to hydrocarbon contents are listed in Appendix A (Figs. A1.2 and A2.2).
Furthermore, fluid distributions and the microstructures of anhydrite were investigated and used to
unravel the operating deformation mechanisms.

Chapter 3 examines the deformation behavior of anhydrite rocks from the Gorleben-Bank (z30SM) in
the Gorleben salt dome. Individual zones of the Gorleben-Bank are studied in respect to microstructural
characteristics.

Chapter 4 focuses on the distribution of the hydrocarbons in the z2HS. The hydrocarbon distribution
is illustrated by means of fluorescence analyses of drill cores converted into a three-dimensional
visualization of the hydrocarbon impregnations along cross cut 1 West and 1 East at the 840 m

exploration level. Furthermore, the mineralogical composition of z2HS is analyzed.
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Chapter 5 enumerates basic facts about the amounts and the origin of the Gorleben hydrocarbons by
combining results obtained in macro- and microstructural, geochemical and CT studies. Additionally,
the influence of hydrocarbons on the geomechanical properties of hydrocarbon-bearing rock salt is
discussed and important conclusions are drawn about the hydraulic integrity of the salt barrier.
Chapter 6 presents the results of X-ray computed tomography (CT) applied on rock salt. Particular
attention was paid to elevated porosities of three samples representing outliers within the overall, very
low porous Gorleben z2HS. The quantified porosities are compared to elevated hydrocarbon contents
and are further analyzed by light microscopy in corresponding rock salt thick sections. This chapter
represents a case study of CT imaging on Gorleben rock salt.

Chapter 7 gives an overview about the potential value of the CT imaging technique regarding a
characterization of the structural rock salt inventory. Several CT examples are presented dealing with
anhydrite and pore space distributions and 3D reconstructions of various types of fluid inclusions.
Additionally, the first rock salt CT scans in the sub-micron range are illustrated. CT visualization and
projection modes are explained and aspects of digital filtering are introduced and discussed. This
chapter draws general conclusions for CT imaging of rock salt, but also includes essential information
for the structural investigation of Gorleben rock salt in particular. Supplementary information about
CT handling aspects and hands-on experience valuable for operators of the nanoCT lab at the Johann
Wolfgang Goethe-University are summarized in Appendix B.

Chapters 8 and 9 comprise a summary, the main conclusions of the present thesis including a brief
consideration of unsolved or open questions and potential future work regarding microstructural
aspects of rock salt and the impact of hydrocarbon occurrences on its barrier properties. Important

implications are formulated and the value of CT imaging is outlined.

1.5.2. Journal papers of this thesis

The following manuscripts have been published in peer-review journals of international standards.
Three of these articles are first-authorships. The articles do not succeed here by publication date, but
are arranged according to their individual content in order to form a structured thread through the

thesis.

Chapter 2:
Thiemeyer, N., Mertineit, M., Linckens, J., Pusch, M., Zulauf, G., Hammer, J., 2016. Microfabrics and
3D grain shape of Gorleben rock salt: Constraints on deformation mechanisms and paleodifferential

stress. Tectonophysics 676, 1-19.

Page 28



Chapter 1:
Introduction of the thesis

Chapter 3:
Mertineit, M., Hammer, J., Schramm, M., Kneuker, T., Thiemeyer, N., Zulauf, G., 2015. Deformation of
thin layered anhydrite rocks within the Gorleben salt dome, Germany. In: Roberts, L., Mellegard, K.,

Hansen, F. (Eds.). The Mechanical Behavior of Salt VIII, Taylor & Francis Group, London, 99-107.

Chapter 4:
Pusch, M., Hammer, J., Kus, J., Klosa, D., Thiemeyer, N., Mingerzahn, G., 2014. Macro- and microscale
distribution of hydrocarbons in the StaRfurt Hauptsalz of the Gorleben salt dome. German Journal of

Geosciences 165 (1), 3-14.

Chapter 5:

Hammer, J., Pusch, M., Haher, C., Ostertag-Henning, C., Thiemeyer, N., Zulauf, G., 2015. Hydrocarbons
in rock salt of the Gorleben salt dome - amount, origin and influence on geomechanical properties.
In: Roberts, L., Mellegard, K., Hansen, F. (Eds.). The Mechanical Behavior of Salt VIII, Taylor & Francis

Group, London, 69-75.

Chapter 6:
Thiemeyer, N., Pusch, M., Hammer, J., Zulauf, G., 2014. Quantification and 3D visualisation of pore
space in Gorleben rock salt: constraints from CT imaging and microfabrics. German Journal of

Geosciences 165 (1), 15-25.

Chapter 7:
Thiemeyer, N., Habersetzer, J., Peinl, M., Zulauf, G., Hammer, J., 2015. The application of high
resolution X-ray computed tomography on naturally deformed rock salt: Multi-scale investigations of

the structural inventory. Journal of Structural Geology 77, 92-106.

1.5.3. Conference contributions

Thiemeyer, N., Zulauf, G., Hammer, J., Habersetzer, J., 2014. The application of high-resolution X-ray
computed tomography for naturally deformed rock salt. GeoFrankfurt 2014. Talk.

Mertineit, M., Miiller, H.-H., Leiss, B., Schramm, M., Hammer, J., Henneberg, M., Thiemeyer, N., Zulauf, G.,
2014. Microstructural and mineralogical-geochemical investigations on the transition zone z2-z3
of the Gorleben salt dome, Northern Germany. GeoFrankfurt 2014. Talk.

Thiemeyer, N., Pusch, M., Hammer, J., Zulauf, G., 2012. Microstructural investigation and CT imaging
of hydrocarbon-bearing Gorleben rock salt: deformation mechanisms and fluid characteristics.
GeoHannover 2012. Talk.

Thiemeyer, N., Zulauf, G., Hammer, J., 2014. Understanding strain accommodation in rock salt - an
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evaluation of deformation mechanisms operating in Gorleben rock salt. GeoFrankfurt 2014.
Poster.

Thiemeyer, N., Pusch, M., Hammer, J., Zulauf, G., 2014. CT imaging of rock salt - Part I: 3D multi-scale
analyses of the structural inventory. AAPG conference, Houston (Texas). Poster.

Thiemeyer, N., Pusch, M., Hammer, J., Zulauf, G., 2014. CT imaging of rock salt - Part II: filtering and
resolution limits. AAPG conference, Houston (Texas). Poster.

Thiemeyer, N., Pusch, M., Hammer, J., Zulauf, G., 2014. CT imaging of rock salt - 3D multi-scale analyses
of the structural inventory. GEOFLUIDS: Lubricants of the earth, Tiibingen. Poster.

Thiemeyer, N., Pusch, M., Hammer, J., Zulauf, G., 2012. Microfabrics and deformation mechanisms of

hydrocarbon-bearing Gorleben rock salt. TSK 14, Kiel. Poster.
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Abstract

The Permian Knduel- and Streifensalz formations (z2HS1 and z2HS2) are main constituents of the
Gorleben salt dome (Northern Germany) and show different amounts and distributions of anhydrite.
The reconstruction of 3D halite grain shape ellipsoids reveals small grain size (3.4 0.6 mm) and
heterogeneous grain shapes in both formations, the latter attributed to the polyphase deformation of
the rock salt during diapirism. The halite microfabrics of both formations indicate that strain-induced
grain boundary migration was active during deformation. Crystal plastic deformation of halite is further
documented by lattice bending, subgrain formation and minor subgrain rotation. Evidence for pressure
solution of halite has not been found, but cannot be excluded because of the small grain size, the lack of
LPO and the low differential stress (1.1 - 1.3 MPa) as deduced from subgrain-size piezometry.

Anhydrite has been deformed in the brittle-ductile regime by solution precipitation creep, minor
dislocation creep and brittle boudinage. No continuous anhydrite layers are preserved, and halite
has acted as a sealing matrix embedding the disrupted anhydrite fragments prohibiting any potential
migration pathways for fluids. Thus, anhydrite should not have a negative effect on the barrier properties

of the Gorleben rock salts investigated in our study.

Keywords: Microfabrics; Deformation mechanisms; Rock salt; Anhydrite; Grain shape ellipsoid, EBSD
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2.1. Introduction

The deformation behavior of rock salt is an important field of research for nuclear waste disposal (e.g.
Bornemann et al., 2008; Hunsche and Hampel, 1999), for salt mining, for the localization of petroleum
reservoirs in some salt structures (e.g. Schoenherr et al., 2007) and for understanding salt tectonics
(e.g. Talbot and Jackson, 1987; Wagner and Jackson, 2011). For these reasons, microfabrics and related
deformation mechanisms in halite have been intensely studied for naturally and experimentally
deformed rock salt (e.g. Urai and Spiers, 2007, and references therein).

The rock salt deposits from the Gorleben salt dome (Northern Germany) attract major interest because
the salt dome has been considered as a nuclear waste repository (e.g. Bornemann et al., 2008).
Microstructural investigations of Gorleben rock salt are of major importance in the framework of a
comprehensive characterization of these rocks. Regarding future evolution and safety aspects of the
Gorleben salt dome, anhydrite in the form of layers, boudins and inclusions inside the rock salt is of
major interest (e.g. Burchardt et al., 2011; Chemia et al., 2009). However, microstructural investigations
of anhydrite are scarce for the Gorleben Hauptsalz group, which is targeted as potential medium for
nuclear waste storage. Layers of anhydrite have been discussed to represent possible migration
pathways for fluids (e.g. Zulauf et al., 2010), which is why the role of anhydrite is important to evaluate
with respect to nuclear waste disposal.

Studying rock salt microstructures allows identifying the operating deformation mechanisms. For
natural halokinetic conditions (20 - 200 °C) several deformation mechanisms should be considered.
Dislocation creep results from glide and climb of dislocations within the crystal lattice causing a
reduction of the internal strain energy of grains (e.g. Poirier, 1985). As a result, subgrains may develop,
which reflect domains of homogeneous crystallographic orientation separated by boundaries with
a low misorientation (< 10°). The formation of subgrains as recovery mechanism is controlled by
temperature, differential stress and strain rate, and furthermore by material properties, such as grain
orientation, grain size and fluid content (e.g. Pennock et al., 2005). There are two processes that allow
subgrains to be transformed into normal grains. One of these processes is related to the migration
of a subgrain boundary through an area of cumulative lattice rotation defined as sub-boundary
migration (Carter et al., 1993; Drury and Urai, 1990). The second process is subgrain rotation, which
is a common mechanism to accommodate crystal plastic strain in rock-forming minerals (Poirier,
1985, and references therein). Subgrain rotation (SGR) recrystallization gradually transforms subgrain
boundaries with low misorientations into high-angle grain boundaries generating new grains out of
former subgrains (Drury and Urai, 1990; Poirier, 1985; Urai et al., 1986b). Drury and Pennock (2007)
summarized the process of SGR in minerals. The critical angle for the switch from a low to a high-angle
boundary is not exactly defined in the literature. In some cases a high-angle grain boundary is referred

to a misorientation angle > 10° (Kleber, 1983; Trimby et al., 2000a, 2000b; White, 1977) or to an angle >
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15° (Bestmann & Prior, 2003; Bestmann et al., 2005; Pennock et al., 2002). Drury and Urai (1990) point
to a more sophisticated nomenclature, because several minerals show different transitions deduced by
changes in the mechanical behavior and the transition angle is dependent on the boundary conditions.
Based on results presented in the present paper, we will assume 10° as critical angle.

Evidence for weak to moderate subgrain rotation in rock salt has been observed and discussed
in several studies (Desbois et al., 2010; Leitner et al., 2011; Pennock et al., 2002, 2005; Pennock and
Drury, 2005; Schléder and Urai, 2005; Talbot, 1981; Trimby et al., 2000a, 2000b). However, pervasive
SGR recrystallization has never been described from naturally deformed halite, although evidence
can be drawn from experimentally deformed rock salt (e.g. Franssen, 1994; Guillopé and Poirier,
1979). Moreover, deformation experiments on halite single crystals indicate that the pure formation of
subgrains is able to accommodate significant amounts of strain (Linckens al., under review).

Dynamic recrystallization in terms of (strain-induced) grain boundary migration (GBM) (Urai et al., 1986a,
b) plays a significant role for the deformation of rock salt (e.g. Schenk and Urai, 2004; Schléder, 2006;
Ter Heege et al., 2005a, b). GBM is driven by differences in dislocation density across grain boundaries
and is significantly supported by grain boundary fluids, which should have a significant impact for rock
salt deformation, because already small amounts of brine may result in mechanical weakening of rock
salt (Peach et al., 2001; Pennock et al., 2006; Urai et al., 1986a, Urai and Spiers, 2007; Zhang et al., 2007).
Since sedimentary and diagenetic fluid phases are common constituents of most salt deposits (e.g.
Davison, 2009; Roedder, 1984; Talbot and Rogers, 1980; Zavada et al., 2012), the ductile (long-term)
behavior or rock salt is ensured (Carter and Hansen, 1983; Carter et al., 1993).

Pressure solutionis active along grain boundariesinvolving grain boundary sliding (GBS) and dissolution/
precipitation of halite (Schutjens and Spiers, 1999; Spiers et al., 2004; Urai and Spiers, 2007). By the
presence of grain boundary fluids, highly-stressed parts of grains are dissolved (for instance at grain
contacts) and material is transported and finally deposited at sites of low stress (e.g. Passchier and
Trouw, 2005; Schutjens and Spiers, 1999; Urai and Spiers, 2007). The process of solution precipitation
creep has been reported for salt glaciers of Iran (Jackson and Talbot, 1986; Talbot, 1981; Talbot et al.,
2000) or Zechstein rock salt of the Neuhof salt mine in Germany (Schléder et al., 2008).

Fracturing and intergranular slip of halite are related to volume increase (dilatancy) and thus occur
under high differential stress and low effective confining pressure at uppermost crustal conditions.
Fracturing and dilatancy also occur under (semi)brittle conditions in the excavation damage zone (EDZ)
around shafts or drifts (e.g. Borns and Stormont, 1989; Cristescu and Hunsche, 1998; Schulze, et al., 2001;
Urai and Spiers, 2007). Brittle fracturing and related dilatancy result in increased permeability, which
is important for fluid flow and barrier properties of salt deposits. Near-lithostatic fluid pressures can
increase permeability of rock salt even at depths of a few kilometers (Schoenherr et al., 2007). However,
a main mechanical property of rock salt is the potential for recovery (self-healing) even at upper

structural levels. The viscous flow of rock salt at hydrostatic pressure counteracts crack propagation,
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which reduces porosity and permeability by solution, re-precipitation and crystal plastic deformation of
halite (Schulze et al., 2001; Schulze, 2007). Accordingly, hydraulic fracturing is not expected in Gorleben
rock salt as shown by geomechanical studies (Hammer et al., 2015; Schulze et al., 2001).

The present paper focuses on the microfabrics of Gorleben rock salt. The major motivation is to analyze
the variety of microstructures in order to identify operating deformation mechanisms which have been
active during salt diapir emplacement. Furthermore, the microfabrics of anhydrite are examined to
estimate its role for fluid transport and the deformation history of the salt dome. Deciphering halite
and anhydrite microfabrics is important to specify the rock salt deformation behavior and to gain

implications on rock salt sealing capacity during nuclear waste storage.
2.2. Geological setting

The Gorlebensaltdomein Northern Germany consists of Upper Permian (Zechstein) rock salt formations,
which have been investigated as a possible disposal zone for heat-generating nuclear waste since 1979
(Bornemann et al., 2008). The salt structure strikes from NE to SW over a distance of approximately
14 km (Bornemann et al., 2008). The Gorleben salt rocks started to rise upwards in the Triassic with a
maximum rate of 0.14 mm per year during the Late Cretaceous (Zirngast, 1991, 1996). Today, the base
of Zechstein salt is situated at a depth between 3200 and 3400 m. The top salt is around 250 m below
ground level (Bornemann et al., 2008).

The core of the main anticline of the Gorleben salt dome consists of the Stassfurt division (z2), which is
subdivided into several groups. The Hauptsalz group (z2HS) forms the main constituent in the Gorleben
salt dome incorporating the Knduelsalz (z2HS1), the Streifensalz (z2HS2) and the Kristallbrockensalz
(z2HS3) formation (Fig. 2.1). The terms Knduel- and Streifensalz are related to the characteristic
distribution of anhydrite within these rocks. As described by Bornemann et al. (2008), z2HS1 is a
dark-gray, medium- to coarse-grained rock salt characterized by formative amounts of anhydrite
impurities present as disseminated inclusions, nodules and clusters (German language: Knduel)
mainly representing former anhydrite layers. Underground explorations and drill core analyses show
a gradual transition over a few meters from z2HS1 to z2HS2. The latter is characterized by layers and
strips (German language: Streifen) of anhydrite aggregates (< 0.05 m) mixed with halite alternating with
almost pure halite layers (Bornemann et al., 2008). Crystal halite fragments up to several cm have also
been used to distinguish both salt formations. These lumps occur more frequently in zZ2HS2, especially
toward the top of the sequence (Bornemann et al., 2008). Primary halite fabrics, such as chevron and
hopper crystals, are largely missing and restricted to z2HS3 (Pape et al., 2002).

Based on the characteristic macrofabrics the term salt-tectonic breccia for the z2HS group was
established, since primary rock fabrics, such as bedding, were largely destroyed by mixing and

homogenization during the salt uplift. For this reason, the amount of brines and gases of sedimentary
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Fig. 2.1: Geology of the Gorleben salt dome (Northern Germany) in the area of the
exploration mine after Bornemann et al. (2008). a) Cross section showing the main salt
anticline and the composing salt formations. b) Top view of the 840 m exploration level
with approximate sample positions. The detailed stratigraphy of Gorleben salt rocks is
illustrated in Bornemann et al. (2008).

and diagenetic origin in Gorleben z2HS is very low. Due to the reworking and squeezing of the rocks, the
brines and gases were redistributed, particularly into the top salts or into the anhydrite-joint reservoirs
(Bornemann et al., 2008; Schramm, pers. comm.).

The structural development of the Gorleben salt dome was reconstructed by combining drilling and
reflection-seismic data (Zirngast, 1996). The sedimentary fill of peripheral sinks allowed identifying 13
successive stages from the Late Buntsandstein (R6t) to the present day (Jaritz, 1980; Zirngast, 1991).
Accordingly, 280 km? of salt has flowed into the salt dome since the beginning of diapirism and more
than 60 % of the initial source salt beds with an original thickness of ca. 1150-1400 m have moved

upwards into the dome (Zirngast, 1996).
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2.3. Methods

2.3.1 Halite grain shape analyses

Gorleben z2HS1 and z2HS2 samples from the Gorleben exploration mine (cross cut 1 West, 840 m
exploration level) were analyzed regarding halite grain sizes, axial ratios and grain shape ellipsoids. A
three-dimensional grain shape ellipsoid was calculated from multiple two-dimensional grain shape
ellipses of differently trending and dipping planes using the software Ellipsoid (Launeau and Robin,
2005; Robin, 2002). Depending on the particular orientations and axial ratios (ARs) of all captured
ellipses, the shape of the final ellipsoid is defined (oblate, triaxial, prolate shaped; Fig. 2.2a). In order
to obtain the final ellipsoid, particular geometric information is required: i) the strike (a) and dip (@) of
the analyzed plane, ii) the axial ratio of the grains (AR) and iii) the dip (¢) of the ellipse’s long axis with
reference to a horizontal line on the analyzed plane (rake; Fig. 2.2b).

The drill cores with a diameter of 7.2 cm were cut parallel to the drilling axis into quarters to obtain
three perpendicular surfaces that were imaged with a flat bed scanner in order to capture the halite
grain fabrics. The characteristic halite grain contours were outlined with Adobe Illustrator in order to
create masks of the halite grain shapes by manual retracing of the grain boundaries (Fig. 2.2c, left).
The digital outlining was accompanied by simultaneously checking of the hand specimens to capture
the most accurate halite grain shapes. In a final step, the software Fiji (Schindelin et al., 2012) was used
to analyze the geometry of all particles concerning number, area, ellipticity, long and short axis, axial
ratio and errors. The corresponding ellipses for every single halite grain contour (Fig. 2.2c, right) were
subsequently used for the reconstruction of the grain shape ellipsoid. A shape factor (T) defines whether
the ellipsoid is prolate (< 0), oblate (> 0) or triaxially shaped (+ 0), concordantly to the Flinn parameter
(Flinn, 1962). An anisotropy parameter (P’) gives the degree of deformation and is calculated from
the ellipsoid’s three main axes (e.g.: P’ = 1.1 corresponds to 10 % anisotropy). Hence, the determined
anisotropy (P’) of the grain shape ellipsoid represents an AR in 3D by incorporating the three main axes
of an ellipsoid (for calculation of P’, see Jelinek, 1981).

The relative error is given as incompatibility index (V(F~)) indicating how the single ellipses are in
agreement with the final ellipsoid (see Launeau and Robin, 2005 and Robin, 2002). This index is generally
calculated for the final ellipsoid and for every single ellipse and can be described as an estimate of
the standard deviation of the population of sectional ellipses (Launeau and Robin, 2005). The Jelinek
diagram (Jelinek, 1981) is used to illustrate the ellipsoid parameters plotting the anisotropy (P’) versus
the shape factor (T). For theory, applications, examples and error estimations, the reader is referred to
Launeau and Robin (2005).

Besides the reconstruction and comparison of three-dimensional halite grain shape ellipsoids, the halite
grain fabrics were used to analyze halite grain size and axial ratios. The equivalent circle diameter (ECD)

of every halite grain was calculated from the grain areas and is further depicted as grain size. The halite
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grain shape ellipses, as described above, provide the axial ratios (ARs) calculated by Fiji (Schindelin et
al., 2012).

Fig. 2.2: Basic principle of an ellipsoid reconstruction from measured sectional ellipses after Launeau
and Robin (2005). a) Example of sectional ellipses resulting in an oblate (left) or prolate (right) ellipsoid
depending on ellipse orientation and ellipticity. b) Required geometric parameters for analyzed section
and ellipse for the Ellipsoid software (after Launeau and Robin, 2005). ¢) Exemplary halite grain shape
masks (left) transformed into single ellipses by Fiji (right). Dashed horizontal lines are the references
for the rake (see b). These ellipses are further used to analyze the axial ratios (ARs). d) Exemplary flat
bed scanning images from three perpendicular drill core sections and equivalent halite grain shape
masks. e) Stereographic plot of the final ellipsoid with geometric and spatial information. A, B, and C are
normalized lengths giving the main axes, from which the shape factor (T) and the degree of anisotropy (P’)
of the ellipsoid originates. The shape factor (-1 < T < 1) defines, whether the ellipsoid is prolate, triaxial or
oblate. The anisotropy (P’) gives information about the degree of axis variations (ellipticity). For further
explanation see text.

2.3.2. Microstructural investigations

The microstructures of halite and anhydrite in Gorleben z2HS1 and z2HS2 were investigated by light
microscopy of thick and thin sections. The main focus was set on grain shape and grain boundary
characteristics of halite and anhydrite in order to determine possible grain-shape fabrics and
the distribution of fluid phases. Fluorescence microscopy was used to reveal the distribution of

hydrocarbons. Overviews of larger thick or thin section areas were digitally generated by merging
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numerous microphotographs. For a precise description of very small structures in thick sections, such
as grain boundary fluids or single crystals, multiple images of different focus planes were stacked in
order to increase the depth of field (z-stack). Anhydrite characteristics and the overall halite grain fabric
were further documented by flat bed scanning and digital photography.

In order to determine possible subgrain fabrics of halite, numerous samples were etched with slightly
unsaturated NaCl solution and afterwards cleaned with n-hexane according to the method described

by Urai et al. (1987).

2.3.3. Paleopiezometry

The subgrain size of halite crystals can be used to determine the approximate differential stress that was
present during the deformation of halite (Carter et al., 1993; Schléder and Urai, 2005; Twiss, 1977). The
differential stress o’ (0, - 0,) is inversely proportional to the subgrain diameter (Carter and Hansen, 1983)

obtained from circle equivalents of the analyzed subgrains. This relation can be expressed as

d [um] =215 ¢” %5 [MPa] (1)
or
o’ [MPa] =107d%% [um] (2)

with d = subgrain size [um] and o’ = differential stress [MPa] (Carter et al., 1993; Franssen, 1993; Schléder
and Urai, 2005, 2007). The subgrain size has often been used to constrain the differential stress of
naturally deformed rock salt (Desbois et al., 2010; Kneuker et al., 2014; Leitner et al., 2011; Schléder and
Urai, 2005, 2007). Experimental deformation of Asse rock salt at 345 °C has shown that the differential
stress obtained using Eq. (2) is well in agreement with the actual differential stress recorded by load
cells in deformation experiments (Zulauf et al., 2010, 2011).

In the present study, subgrain analyses have been carried out along cross cut 1 West on 21 samples of
z2HS1 and on 6 samples of z2HS2 (Fig. 2.1b). Several microphotographs were taken under reflected
and transmitted light from subgrain-bearing sections and merged to larger image patches. The outline
of subgrains was digitized by retracing the subgrain boundaries using Adobe Illustrator. The generated
subgrain masks were analyzed with Fiji concerning subgrain size giving approximate differential stress
values using Eq. (2). The subgrain size is defined as the ECD of one subgrain. The subgrains used for
paleopiezometry should not be influenced by mineral inclusions, such as anhydrite (e.g. Zulauf et al.,
2010). Therefore, representative areas of relatively homogeneous subgrain distribution were selected
for paleopiezometry, especially central parts of larger halite crystals situated remote from grain or

phase boundaries.

Page 44



Chapter 2:
Microfabrics and 3D grain shape of Gorleben rock salt: constraints on
deformation mechanisms and paleodifferential stress

2.3.4 Electron backscatter diffraction (EBSD)

Textural data were obtained using EBSD, which is a robust method for microstructural studies of rock
salt (e.g. Bestmann et al., 2005; Desbois et al., 2010; Kneuker et al., 2014; Pennock and Drury, 2005;
Pennock et al., 2006; Schléder and Urai, 2007; Trimby et al., 2000a; Zulauf et al., 2011). We used a
scanning electron microscope (JEOL JSM-6490) equipped with an EBSD detector by Oxford Instruments
and CHANNEL 5 software (HKL Technology) at the Johann Wolfgang Goethe University Frankfurt am
Main with an acceleration voltage of 15 kV and a beam current of 8 nA. EBSD measurements were taken
at 20 mm working distance, and the edges of 4-7 Kikuchi bands were detected. For detailed orientation
maps, step sizes were 6 pm or 16 um depending on the magnification. Raw data sets were improved
with a 3x3 Kuwahara filter (Humphreys et al., 2001). Wild spikes and zero solutions were replaced by 6
neighboring orientations.

EBSD measurements of a total of four z2HS1 samples are presented. One EBDS mapping set focuses on
a large halite crystal (sample RB649UR) to investigate the crystal plastic deformation of halite regarding
subgrain rotation, crystal lattice bending and (sub)grain boundary characteristics. An additional map
(sample RB657.008) was generated to analyze a particular grain boundary in detail regarding possible
GBM.

Furthermore, two samples of z2HS1 (RB647 and RB649) were investigated concerning the grade of a
lattice preferred orientation (LPO) evaluating the contribution of crystal plastic deformation for the
development of the rock fabric. Due to the relatively large halite grain size, we performed manual EBSD
point measurements on several similarly oriented thick sections with numerous grains (n <500) from
two drill core samples in order to quantify the LPO.

Inverse (IPF) and normal pole figures (PF) have been used to illustrate the crystallographic orientations
of halite. The X0 in IPFs describes the long axis of the thick section and is not related to the strain
axis. Uncorrelated misorientation angle distributions give additional information about the statistic
distribution of crystal orientations. These distributions are used to calculate the misorientation index
(M) after Skemer et al. (2005), which quantifies the strength of the LPO.

Active slip systems (slip plane and slip direction) of halite have been determined from rotation axes,
the latter obtained from textural data displayed in pole figures (e.g. Barrie et al., 2008; Prior et al., 2002;
Reddy et al., 2007).

2.4. Results

2.4.1. Halite grain size and shape

The analyzed drill core surfaces and the outlined halite grain masks for the ellipsoid reconstruction

determined in Fiji were used to analyze halite grain sizes and ARs. The mean grain size (ECD) for both
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Fig. 2.3: a) Halite grain sizes (ECDs) and b) axial ratios
(ARs) of z2HS1 and z2HS2 samples, which represent
mean values calculated by numerous halite grains
for every sample (vertical numbers). The error bars
represent calculated 95% confidence intervals.

salt formations is similar (z2HS1 = 3.4 +0.4 mm;
z2HS2 = 3.4 +0.6 mm; Fig. 2.3a). The average
halite AR of both salt formations only slightly
differs (z2HS1 = 2.3 +0.2; z2HS2 = 2.2 +0.3; Fig.
2.3b). The variations of the average grain size and
ARs within a single salt formation are relatively
small.

The calculated grain shape ellipsoids of 26
z2HS1 and 9 z2HS2 drill core segments reveal
a certain variety concerning the shape and
anisotropy of the ellipsoids (Table 2.1; Fig. 2.4).
The anisotropy ranges from ca. 1.3 to 2.2 with the
triaxial to slightly prolate ellipsoids representing
the highest values. The shape factor (T) ranges
between ca. -0.6 (prolate shape) to ca. +0.9
(oblate shape), the latter prevailing in z2HS1
samples.

Generally, both salt formations show
heterogeneous grain shape ellipsoids and no

distribution trends regarding anisotropy or

shape factor. A re-orientation of the lineation/foliation is not possible for particular samples, since the

drill cores have not been sampled with respect to their original orientation. However, the underground

exploration of the Gorleben mine shows that the overall foliation in the central part of the salt dome is

relatively steep following the WSW-ENE trend of the overall salt anticline (Bornemann et al., 2008).

Fig. 2.4: Halite grain shape
ellipsoids visualized in the
Jelinek diagram (Jelinek,
1981). The halite grain
shape fabrics are very
heterogeneous regarding
anisotropy and shape
factor. Error  values
are listed in Table 1 as
incompatibility index (vV(F
")). For further discussion
see section 5.1. Particular
errors for the shape factor
(T) and the anisotropy (P’)
are not available.
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sample stratigraphic number of analy- mean ECD (sg':/u[::,:"]i_ mean  meanaxialratio normalized normalized normalized shape factor anisotropy Flinn incompatibility
formation zed grains [mm] dence) axialratio (95 % confidence) lengthA lengthB length C T P¢ parameter  index V(F")[%]
657.008_FolDet1 22HS1 132 3,67 3.36-3.96 2,26 2.07-241 1,265 0,973 0,813 -0,186 1,563 1,523 24,1
657.008_FolDet2 22HS1 169 2,96 2.77-3.15 2,10 1.98-2.22 1,254 0,943 0,846 -0,449 1,504 2,895 23,9
657.008_FolDet3 22HS1 153 3,11 2.83-337 2,29 2.09-2.45 1,293 0,957 0,808 -0,279 1,614 1,897 23,8
656.008_2_FolDet1 22HS1 128 3,03 2.79-325 243 2.25-2.59 1,297 1,008 0,765 0,045 1,7 0,905 233
656.008_2_FolDet2 22HS1 130 2,81 2.57-3.03 2,28 2.11-2.45 1,289 1,035 0,749 0,192 1,732 0,641 21,1
656.008_2_FolDet3 22HS1 141 2,79 2.56-3.00 2,42 2.23-2.61 1,294 1,055 0,733 0,283 1,786 0,514 215
655.016_2_FolDet1 22HS1 80 3,66 3.21-4.06 2,64 2.40-2.90 1,483 0,957 0,705 -0,177 2,131 1,534 21,7
655.016_2_FolDet2 22HS1 91 3,59 3.27-3.87 2,62 2.34-2.90 1,168 1,14 0,751 0,89 1,648 0,048 232
655.016_2_FolDet3 22HS1 102 3,19 2.91-3.45 2,71 2.44-294 1,322 0,978 0,773 0,122 1,717 1,325 249
654.007_FolDet1 22HS1 58 4,01 3.56-4.40 2,46 218-2.74 1,28 1,073 0,728 0,375 1,788 0,407 22,6
654.007_FolDet2 22HS1 65 4,02 3.59-4.41 2,24 2.03-2.45 1,506 0,929 0,715 -0,298 2,15 2,08 20,7
654.007_FolDet3 22HS1 101 3,74 3.40-4.06 2,39 2.18-2.60 1,277 1,009 0,776 0,052 1,649 0,89 24,1
654.010_FolDet1 Z2HS1 145 3,05 2.77-3.30 2,15 2.01-2.27 1,193 1,022 0,82 0,173 1,458 0,682 25,7
654.010_FolDet2 Z2HS1 140 3,03 267-3.35 2,10 1.96-2.24 1,191 0,974 0,862 -0,241 1,386 1,708 254
654.010_FolDet3 Z2HS1 165 3,03 2.63-3.38 2,17 2.04-2.28 1,146 1,02 0,856 0,202 1,342 0,646 26,2
653.007_FolDet1 22HS1 143 3,09 2.75-3.40 2,27 2.12-2.40 1,164 1,08 0,795 0,607 15 0,218 245
653.007_FolDet2 22HS1 129 3,15 2.84-3.44 2,22 2.07-2.35 1,174 1,049 0,812 0,39 1,46 0,409 24,9
653.007_FolDet3 22HS1 128 3,40 2.92-3.83 2,19 2.03-2.33 1,426 1,05 0,817 0,411 1,442 0,386 246
649_FolDetl 22HS1 67 3,78 3.38-4.13 2,34 2.07-2.53 1,23 1,048 0,775 0,306 1,601 0,494 231
649_FolDet2 22HS1 85 3,67 3.23-4.07 2,30 1.97-2.43 1,184 0,969 0,871 -0,308 1,366 1,982 27,2
779.020_FolDet1 22HS1 128 3,25 2.89-3.57 2,38 2.18-2.50 1,243 1,025 0,785 0,164 1,59 0,691 23,6
779.020_FolDet2 22HS1 142 3,13 2.84-3.40 2,01 1.87-2.15 1,209 0,967 0,855 -0,291 1,421 1,923 23,1
779.020_FolDet3 22HS1 153 3,01 2.75-3.24 2,13 2.00-2.26 1,172 1,027 0,831 0,228 1,416 0,604 24,5
647_FolDet1 22HS1 99 3,78 3.23-4.25 2,57 2.29-2.77 1,166 1,078 0,796 0,588 1,499 0,232 25,0
647_FolDet2 22HS1 85 438 3.86-4.85 2,33 2.11-2.53 1,137 1,114 0,79 0,887 1,509 0,051 243
647_FolDet3 22HS1 104 3,59 3.24-3.90 2,37 2.16-2.58 1,196 1,131 0,74 0,767 1,696 0,11 21,7
644.013_FolDet1 22HS2 138 2,88 2.59-3.14 2,41 2.19-2.57 1,318 0,967 0,785 0,196 1,689 1,571 238
644.013_FolDet2 22HS2 129 3,66 3.05-4.17 2,70 2.44-298 1,425 0,851 0,738 0,231 1,953 1,739 20,6
644.013_FolDet3 22HS2 135 2,90 261-3.16 2,61 242-2.82 1,266 1,054 0,749 0,303 1,707 0,491 23,7
643.013_2FolDetl 22HS2 157 3,69 3.31-4.04 2,03 1.91-2.17 1,23 1,009 0,806 0,064 1,529 0,869 21,9
643.013_2FolDet2 22HS2 134 3,78 3.37-4.14 2,17 2.03-2.31 1,269 0,996 0,791 -0,025 1,608 1,058 22,1
643.013_2FolDet3 22HS2 128 4,68 4.09-5.20 2,13 1.96-2.30 1,279 0,983 0,795 -0,108 1,613 1,275 251
642.002_2FolDet1 22HS2 120 2,88 2.59-3.14 1,92 1.79-2.05 1,218 0,953 0,861 -0,415 1,43 2,598 22,7
642.002_2FolDet2 22HS2 145 3,13 2.80-3.43 1,86 1.75-1.97 1,159 0,952 0,906 -0,598 1,298 4,255 24,0
642.002_2FolDet3 22HS2 131 3,05 2.61-3.43 1,77 1.67-1.85 1,118 1,044 0,857 0,481 1,318 0,326 22,0

Table 2.1: Grain shape data determined by Fiji and Ellipsoid. The shape factor (T), the
anisotropy (P’) and the Flinn parameter are calculated from normalized lengths of the
three ellipsoid main axes A, B and C (see also Jelinek 1981). The incompatibility index
(V(F ")) represents an approximate standard deviation of the population of sectional
ellipses (Launeau and Robin, 2005).

2.4.2. Halite microfabrics, grain boundaries and fluid inventory

In most of the samples elongated halite grains display a shape preferred orientation (SPO) forming
planar or linear grain shape fabrics (Fig. 2.5a,b). In some cases a SPO is hard to determine when equant
halite grains and dispersed anhydrite clusters are present (Fig. 2.5c). Thick and thin section analyses
reveal small-scale folding of the rock salt, which results in differing orientations of the foliation over
relatively short distances (Fig. 2.5d).

Several types of halite grain boundaries can be found in the samples studied. Most of the halite grain

boundaries are smoothly curved or slightly wavy and decorated by fluid inclusions. In contrast, straight
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or jagged halite boundaries are uncommon (Fig. 2.5¢). In a few samples, such boundaries show 90°
deflections (Fig. 2.5f). Such clear, partly euhedral grains occur extremely seldom. In some cases, bulged
and deflected grain boundaries occur and partially separate halite grains with differing subgrain
patterns (Fig. 2.5g, see also section 2.4.3). Moderately to strongly serrated grain boundaries with spikes

and edges occur subordinately (Fig. 2.5h,i).

Fig. 2.5: Rock salt fabrics from Gorleben z2HS1 and z2HS2. a) Smoothly curved halite grain boundaries
encircling elongated halite grains. The grain shape preferred orientation (SPO) forms a moderate foliation
in this sample; transmitted light. b) Microphotograph of z2HS2 thick section illustrating a clear SPO
resulting in a foliation; transmitted light. c¢) Microphotograph of z2HS1 sample with anhydrite impurities.
Note the lack of SPO; transmitted light. d) Flat bed scanning photograph of z2HS1 thick section with
moderate foliation, which changes its orientation over short distances (steep in the upper right corner).
The larger halite grains are covered by anhydrite and are oriented oblique to the average halite grain
orientation. e) Jagged and only partly curved halite grain boundaries accommodating small amounts
of fluid (black dots). Note the very clear halite grains; transmitted light. f) Partly euhedral halite grain
largely free from intracrystalline solid or fluid inclusions; transmitted light. g) Bulged and deflected grain
boundaries (arrows) in etched thick section. Note the halite grain on the right-hand side with clearly
developed subgrains compared to the other grains; reflected light. h) Serrated halite grain boundary;
transmitted light. i) Small-scaled, serrated grain boundary without any fluid phases. Such types of
boundaries occur very subordinately; transmitted light.
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Most of the halite grain boundaries accommodate fluid inclusions. There are only few fluid inclusions
in the rock salt samples studied, which can be interpreted to be of primary type. Chevron shaped fluid
bands in halite crystals or pervasive, intracrystalline fluid inclusion bands found in rock salt (Roedder,
1984; Schléder and Urai, 2005; Schoenherr et al., 2007) are lacking. The main fluid and gas phases are
distributed along halite grain boundaries retracing their curved morphologies into depth (Fig. 2.6a).
Fluid phases decorate the grain boundaries as bubbles or channel-like structures and in rare cases as
slightly thicker drops or menisci at halite crystal edges (Fig. 2.6b-d). Rarely, films of grain-boundary
fluids are presentif the amount of fluid content is elevated. Intragranular trails of fluid and gas inclusions
occur subordinately (Fig. 2.6e).

The distribution of hydrocarbons in Gorleben rock salt has been intensely studied during the last years
(e.g. Hammer et al., 2012, 2013, 2015; Pusch et al., 2014; Siemann and Ellendorff, 2001; Thiemeyer et
al., 2014). Hence, hydrocarbons are mainly located along halite grain boundaries or at halite/anhydrite
interfaces giving characteristic channel and island structures (Fig. 2.6f,g). The amount and distribution
of fluids in rock salt are strongly controlled by the presence of anhydrite. Besides the phase and grain
boundaries, micro capillaries in anhydrite single crystals bear a certain amount of fluid/hydrocarbons
(Fig. 2.6h; Hammer et al., 2015; Pusch et al., 2014). The characteristic anhydrite clusters or layers in
Gorleben z2HS1 and z2HS2 represent sites, where fluid and gas can be situated particularly due to a
slightly elevated microporosity (Fig. 2.6i) (Thiemeyer et al., 2014). The general concentrations of fluids
are very low in the Gorleben Hauptsalz group and have been quantified by < 0.017 wt.-% (Bornemann

et al., 2008, and references therein).

2.4.3. Halite subgrain fabrics and piezometry

The investigated samples reveal halite subgrains varying in size and shape. Chessboard patterns or
equiaxial grains as observed in experimentally deformed samples (Trimby et al., 2000a; Zulauf et al.,
2010, 2011) or in weakly-deformed rock salt (Schléder and Urai, 2005) have not been observed. The
heterogeneous subgrain size is present in most halite grains resulting in subgrain domains (Fig. 2.7a).
Similar subgrain patterns have already been reported from other examples of naturally deformed rock
salt (Schoenherr et al., 2007). The etching process after Urai et al. (1987) revealed particular orientations
of halite grains by differing gray-shadings of halite crystals. This visual attribute allows identifying a
certain misorientation of halite grains or subgrain domains (Fig. 2.7b).

Subgrain sizes become smaller when approaching anhydrite impurities or clusters (Fig. 2.7¢). In some
cases, subgrain-free halite grains are situated adjacent to subgrain-rich halite grains (Fig. 2.7d). Some
subgrains emerge more considerably to others indicated by darker etched boundaries (see Franssen,
1994), whereas other boundaries are fuzzy and hardly visible under the microscope (Fig. 2.7d).
Subgrain boundaries may influence the outline of grain boundaries. In cases where the subgrain

boundary is in contact with the grain boundary at an angle of ca. 90°, the grain boundary shows a
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Fig. 2.6: Microphotographs of characteristic fluid inventory of Gorleben rock salt. All images taken under
transmitted light (ftaken under UV light). a) Stack image of fluid phases decorating halite grain boundaries.
Note the wavy trend of the boundary in depth visualized by the black fluid phases. b) Typical stripes and
spots of fluids along halite grain boundaries. c) Stacked image of single fluid spots. Increasing amounts
of fluid cause dendritic structures or stripes (bottom right). d) Close-up view of grain boundary inclusions
containing fluid and gas. e) Intracrystalline fluid inclusions of various shapes containing gas and liquid
components. f) Hydrocarbons (green) distributed along grain boundary and cube-shaped anhydrite
crystal. g) Anhydrite crystals showing characteristic strips of fluid inclusions, with the orientation of the
latter controlled by crystal cleavage. h) Anhydrite crystals with micro capillaries filled with fluid (see
also Pusch et al., 2014). i) Anhydrite cluster revealing dark fluid phases and insoluble components. Such
anhydrite clusters give slightly elevated porosities and therefore accommodate fluid phases and organic
matter.

significant change in orientation (Fig. 2.7e,f). In contrast to high-angle grain boundaries, subgrain
boundaries are free from fluid inclusions (Fig. 2.7¢,f).

According to equation (2) the paleodifferential stress for several rock salt samples was calculated using
the size (ECD) of subgrains. An exemplary subgrain mask is shown in Figure 2.8a. Typical subgrain size
histograms show a negative exponential distribution (Fig. 2.8b). All samples of zZ2HS1 and z2HS2 reveal

relatively low differential stress values (Fig. 2.8c). The average differential stress along cross cut 1 West
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Fig. 2.7: Microphotographs of subgrain fabrics. Allimages taken from etched thick sections under reflected
light (f taken under transmitted light). a) Halite subgrains with heterogeneous size and shape with
characteristic domains of smaller subgrains (arrows). b) Gray shades revealing several halite grains with
different crystallographic orientations. ¢) Small subgrains in between disseminated anhydrite crystals
(dark fragments). d) Heterogeneous subgrain fabrics separated by deflected high-angle grain boundary
(arrows). Some subgrain boundaries are hardly visible. Note that the upper grain is almost free from
subgrains. e) Fluid phases are exclusively related to high angle grain boundaries (arrows). Note the partly
lobate trend. Tips of this wavy boundary are located at intersections with subgrain boundaries (middle
arrow). f) Same image as e) under transmitted light. The stacked image illustrates the fluid distribution
along high-angle grain boundaries. Note the lack of fluid phases along subgrain boundaries visible in e)
representing the main difference among these two types of boundaries to be seen by light microscopy.
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Fig. 2.8: Paleopiezometric data obtained from subgrain size of Gorleben rock salt. a) Exemplary subgrain
mask detected in large halite grain. b) Subgrain size histogram determined from subgrains shown in
a). Arrow gives the mean ECD for the calculation of the paleodifferential stress in MPa. c) Calculated
paleodifferential stress for Gorleben z2HS1 and z2HS2 samples along cross cut 1 West. The data are
calculated as mean values and as confidence intervals of 95% due to large standard deviations (see
Schléder and Urai, 2005; Leitner et al., 2011).

is 1.1 £0.2 MPa for z2HS1 and 1.3 +0.3 MPa for z2HS2. Thus, the calculated differential stress of both salt

formations is the same within uncertainties.

2.4.4. Halite texture

One sample of z2HS1 has been investigated concerning halite grain growth and possible GBM. Two
adjacent halite grains are separated by a high-angle grain boundary bulging into one of the halite grains
(Fig. 2.9). The etched thick section reveals some indistinct subgrain boundaries and etching artifacts
(Fig. 2.9a,b), whereas the band contrast image from the EBSD mapping (Fig. 2.9¢) clearly illustrates
the outline of the grain boundary, disregarding surface artifacts observed under the microscope. The
differently oriented halite grains are depicted in the inverse pole figure (IPF) (Fig. 2.9d). The upper right
grain (orange) is characterized by a slight variation in the IPF colors and a subgrain boundary (tilt angle
>1°) (see Fig. 2.9a and b). In contrast, the lower left grain (green) does not show any IPF color variation
or subgrain boundaries. Hence, the IPFs reveal lattice bending in the orange grain, whereas the other
grain is free from bending (Fig. 2.9¢).

The etched thick section of z2HS1 sample RB649UR shows a large halite grain revealing numerous
subgrains of different sizes and shapes (Fig. 2.10a). As typical feature for Gorleben rock salt, the

subgrain size and boundary orientations are rather inconsistent. The subgrain diameters range from
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Fig. 2.9: Microphotographs and EBSD mapping of two halite grains.
a) Microphotograph of etched thick section under reflected light
showing a halite grain boundary (GB), few subgrain boundaries
(SGB) and etching artifacts (EA). b) Same image as in a) under
transmitted light. The grain boundary is decorated by fluid
phases. c¢) Band contrast (BC) image, obtained by EBSD mapping,
illustrating the two halite grains separated by a grain boundary.
d) Corresponding EBSD map showing both grains with different
crystallographic orientations. The yellow grain is characterized by
some internal misorientation of the crystal lattice and a subgrain
boundary, whereas the green grain displays homogeneous lattice
orientation. The grain boundary bulge suggests grain boundary
migration (GBM); arrows indicating the suggested migration
direction. e) Corresponding inverse pole figures (IPFs) from EBSD
map. IPFs revealing the different grades of crystal lattice bending
for the two halite grains. For further explanation see text.

2.10a).

ca. 50 um to exceptionally 1 mm.
Dark fluid phases are distributed
along a jagged boundary in the
middle of the image (Fig. 2.10a),
which extends into the center of
the halite grain.

The EBSD map

subgrains observed under the

retraces the

microscope (Fig. 2.10b). Most of
the subgrain boundaries reveal
misorientation angles < 5°
The fluid-bearing boundary, as
observed under the microscope,
turned out to be a grain boundary
with misorientation angles <
24°. Besides this grain boundary,
further small, isolated segments
show misorientation angles >
10° (see arrows in Fig. 2.10b).
The misorientation angles of
the major high-angle boundary
decrease toward the upper part
of the depicted map, finally
dropping below 10° transforming
into a subgrain  boundary.
Thus, the grain boundary is not
continuous and the halite grain is
not completely split up into two
separate halite grains (see also Fig.
2.10a). It has to be emphasized
that fluid phases are restricted
to those boundaries, where the

misorientation angle is > 10° (Fig.

The pole figures of sample RB649UR (Fig. 2.10c) show a clear scattering of the crystallographic axes

illustrating the crystal lattice bending and the slight difference in orientation of the subgrains. The
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calculated M index for the analyzed halite grain (M = 0.851) shows a deviation from a hypothetical,
undeformed single crystal (M = 1). Usually, this index is calculated to quantify an LPO in rocks for

numerous grains (see below). In the case of sample RB649UR the calculated M index for a subgrain

Fig. 2.10: Microphotographs and EBSD analyses of halite. a) Etched thick section revealing subgrains in
a large halite grain, which is characterized by a fluid-bearing boundary (GB) in the central part of the
transmitted light microphotograph. b) The EBSD map retraces most of the subgrains. Most subgrain
boundaries have a misorientation angle < 5°. The fluid-bearing structure in a) is a grain boundary (i.e.
misorientation angle > 10°, see misorientation angles at different locations along the grain boundary).
The lower left corner (anhydrite) was not indexed (green). c) Pole figures showing a slight change of the
axes orientation within this grain. The calculated M index for the halite grain (M = 0.851) demonstrates a
deviation of M compared to a hypothetical, undeformed single crystal (M = 1). d) Rotation axes orientation
plot of the halite grain in IPFs gives a maximum at <001> for small misorientation angles (2-3°). €)
Reconstruction of active slip system for a particular subset shown in b). The orientation of the subgrain
boundary is defined as the boundary wall trend and indicated with the thin lines outside the pole figure.
In addition, the rotation axis is defined (R). Both, the reconstructed slip direction (sd) and the pole to the
slip plane (psp) are congruent with <110> axes (see <110> pole figure of e), pointing to the activation of the
<110~ {110} slip system. The blue psp and sd illustrate the geometric rotation of these poles caused by the
tilt boundary. The moving direction is comparable to the <110> pole figure.
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fabric helps to illustrate the overall degree of the lattice misorientation caused by crystal plastic strain.

The rotation axes plots reveal a distinct rotation pole, <001>, for low misorientation angles of 2-3° (Fig.

2.10d).

Pole figures from a subset section (dashed box in EBSD map in Fig. 2.10b) allow a reconstruction of the

active slip system(s). The <100> pole figure of the subset reveals a rotation axis (R), which can be used

Fig. 2.11: Pole figures and misorientation indices (M) of z2HS1
taken from several oriented thick sections (samples RB647
and RB649). Every point in the pole figures represents a single
halite grain. The figures show a random distribution of crystal
orientations. No distinct pole maxima can be discerned.
Concordantly, the M-indices after Skemer et al. (2005)
obtained from uncorrelated misorientation distributions are
very low. Pole figures illustrated as upper hemisphere equal
area projections

2.4.5. Macro- and microfabrics of anhydrite

together with the subgrain boundary
trend (ca. 76°) to geometrically project
the slip direction and the pole to the
slip plane. In order to determine the
slip system, the subgrain boundary is
assumed to be a tilt wall. The derived
slip direction and pole to the slip plane
are congruent with <110> axes (Fig.
2.10e). Thus, the <110> {110} slip system
should have been active during the
accommodation of crystal plastic strain
in this particular sample.

The EBSD point analyses of sample
RB647 and sample RB649 (both z2HS1)
incorporate single orientations of
several hundreds of halite grains for
each sample (n1 = 482; n2 = 464).
For both samples, the pole figures
do not show any pole maximum
(Fig. 2.11). Thus, a lattice preferred
orientation (LPO) is not developed.
The uncorrelated misorientation angle
distribution of both samples is similar
to a random misorientation distribution
as illustrated by the calculated, very
low misorientation indices (M) of 0.019

(RB647) and 0.016 (RB649).

The macroscopic differentiation between the studied salt formations is mainly based on the more

distinct layering of anhydrite and halite bands in z2HS2 (Bornemann et al., 2008). In z2HS1 this layering

Page 55



Chapter 2:
Microfabrics and 3D grain shape of Gorleben rock salt: constraints on
deformation mechanisms and paleodifferential stress

is rarely preserved due to the strong halokinesis (Fig. 2.12a,b). Only few anhydrite fragments exhibit
relics of internal bedding (Fig. 2.12c). The single layers have been broken, dispersed and disrupted
during the uplift and the strong deformation of the salt rocks, partly represented as highly complex
folding (Fig. 2.12d). Remnants of anhydrite layers are more distinctly preserved in z2HS2 compared to
z2HS1.

The overall anhydrite content in these rock salt formations has been previously quantified by ca. 5 vol.-
% (Bornemann et al., 2008), while X-ray CT analyses yielded values up to 10 vol.-% for anhydrite-rich
samples (Thiemeyer et al., 2015).

The thickness of anhydrite layers ranges from a few mm to a few cm, while thicknesses < 2 cm

predominate. The anhydrite layers are broken, folded and disseminated (Bornemann et al., 2008).

Fig. 2.12:  Anhydrite
distribution in z2HS1 and
2z2HS2. a) Representative
drill core sections of both
formations. The z2HSI
is largely free from a
planar fabric and shows
characteristic ~ anhydrite
nodules and  clusters
while z2HS2 reveals layers
of anhydrite and clear
halite bands; transmitted
light  photograph.  b)
Microphotograph of z2HS1
illustrating anhydrite
crystals disseminated
in the halite matrix;
transmitted light. c) Flat
bed scanning photograph
of z2HS1 thick section with
two anhydrite fragments.
The fragments show relict
internal layering d) Flat
bed scanning photograph
of z2HS2 thin section
exhibiting strongly folded
anhydrite layer.

Page 56



Chapter 2:
Microfabrics and 3D grain shape of Gorleben rock salt: constraints on
deformation mechanisms and paleodifferential stress

In thin anhydrite layers, fine grained anhydrite with grain size < 100 um is dominant. At the rims of
the layers, larger euhedral anhydrite crystals (ca. 0.5 mm in size) occur, which are almost free from
inclusions and internal deformation structures. A SPO of the anhydrite is noticeable (Fig. 2.13a), and
the orientation of the crystal long axis is sub-parallel to the layering. In few cases, large acicular crystals

(ca. 1 mm in length) occur and exhibit internal deformation structures and impurities. These crystals

Fig. 2.13: Microstructures in thin anhydrite layer. a) Anhydrite layer in halite matrix. The grain
size of anhydrite increases toward the margin of the layer, # polarizers. b) Relicts of large
anhydrite crystals, replaced by fine grained anhydrite, # polarizers. ¢) Seams of opaque
material at the grain boundaries of anhydrite, // polarizers. d) Same image as in c) under #
polarizers.

have been replaced by fine grained anhydrite (Fig. 2.13b). In single anhydrite fragments, a cleavage
developed, which is accentuated by immobile components and by seams of organic matter. Opaque
material is dominantly enriched in fold hinges. Grain boundaries of anhydrite are often decorated with
organic matter and opaque phases (Fig. 2.13c).

Characteristic features of thicker anhydrite layers are interlayers (Fig. 2.14a), which consist of halite,
carbonate (basically dolomite with a size of < 0.5 mm, often euhedral, Fig. 2.14b and c) and anhydrite
crystals. In such halite interlayers, euhedral anhydrite crystals reach a size of ca. 0.5 mm. These crystals
are oriented parallel to the layer resulting in a shape preferred orientation. They do not show internal
deformation and are almost free from inclusions (Fig. 2.14a).

The anhydrite layers consist of different types of anhydrite crystals, which differ in grain size, grain shape

and amount of inclusions and impurities (Fig. 2.14d). The largest crystals in these slightly thicker layers
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(Fig. 2.14a) have a size of < 0.2 mm and show impurities and fluid inclusions. Undulatory extinction
and subgrains (Fig. 2.14e and f) are common microstructures. The grain boundaries are locally bulged
(Fig. 2.14f). The large crystals have been replaced by fine grained, massy, granular anhydrite. Seams of
opaque material also occur and grain boundaries of fine grained anhydrite are often decorated with

organic matter.

Fig. 2.14: Microstructures in thick anhydrite layer. All images taken under # polarizers. a)
Anhydrite layer of ca. 1.5 cm thickness. Note large grain sizes and the shape preferred orientation
(SPO) of anhydrite in the halite interlayer. b) Euhedral carbonate crystal in halite matrix. c)
Euhedral carbonate crystal in halite interlayer, associated with subhedral anhydrite crystals. d)
Different types of anhydrite. Large crystals with internal deformation structures and inclusions
are replaced by fine grained, almost inclusion-free crystals. e) Undulatory extinction in anhydrite
indicating the bending of crystal lattice. f) Irreqular and lobate grain boundaries. Note twins and
subgrains in anhydrite (bottom left grain).
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2.5. Discussion

2.5.1. Grain size and shape

As there is no information about the initial halite grain size and shape, the geometric information
obtained by halite grain shape analyses cannot be used to constrain the finite strain. Neither the
determined grain shape ellipsoids, nor the measured ARs represent the real strain ellipsoids (see also
Miralles et al., 2001). Several factors, such as initial grain size, impurities, grain boundary characteristics
(presence of fluid), halite nucleation and operating deformation mechanisms (including mass transfer)
do not allow any quantification of strain. Besides, the dependence between bulk strain and grain size is
highly complex (e. g. Ter Heege et al., 2005b) and not straightforward (Miralles et al., 2001). Especially
the resetting of deformation structures by healing and recovery processes (see section 2.5.2) operating
in halite prohibits any assumptions on bulk strain.

The average halite grain size and axial ratio in Gorleben z2HS1 and z2HS2 (Fig. 2.3) are straddling a
reasonable range for collected data on naturally-deformed rock salt (Table 2.2). Highly-strained salt
rocks from shear zones (Schléder and Urai, 2007), extruding salt fountains (Desbois et al., 2010, 2012)
or tightly folded rock salt (Schléder, 2006; Schléder et al., 2008) show an average halite grain size <1
mm (Table 2.2). Larger halite grain sizes of few mm to several cm are reported for the Klodawa rock
salt (Poland) (Burliga & Czechowski, 2010; Schléder et al., 2007) or partly for the Ara salt diapir in South
Oman (Schoenherr et al., 2007).

.. mean average  axialratio mean differential . . .
publication grain size [mm)] (AR) stress [MPa] locality geological setting
this study 3,4 2.2-2.3 1.1-1.3 Gorleben (Germany) salt dome
Desbois et al. (2010, 2012) <0.5 1.4-1.6 3.1-4.8 Qom Kuh (Iran) salt fountain
Kneuker et al. (2014) <5 1.4-2.1 1.2-2.9 Morsleben (Germany) salt dome
Leitner et al. (2011) <15 ? 2.0-5.4 Haselgebirge (Austria) rocksalt-mudrock-tectonite
Mertineit et al. (2014) 0.3-2.5 ? 2.28-2.97 Gorleben (Germany) salt dome
Miralles et al. (2001) <2 <173 ? Suria (Spain) folded salt (shear zone)
Schléder and Urai (2005) 5-25 ? 0.45-0.97 Hengelo (Netherlands) bedded salt

0,6 0,4 ? extrusive salt (mylonite)
Schléder and Urai (2007) Garmsar Hills (Iran)
4 1.5-2 1.4-2.0 extrusive salt (protomylonite)
Schléder et al. (2007) 3-25 1-2 0.9-3.1 Klodawa (Poland) salt dome
Schoenherr et al. (2007) 2-30 <3 <2.0 Birba, Harweel (Oman) salt diapir
Zavada et al. (2012) <0.3 <161 3.8-4.8 Neuhof (Germany) folded salt

Table 2.2: Selected rock salt deposits of different geological settings with examined halite grain sizes,
axial ratios and differential stress. The single parameters only refer to particular samples examined in the
equivalent studies. For more details we refer to the original publications.

The determined anisotropies (P’) in 3D for the Gorleben samples are slightly smaller (ca. 1.3-2.2; Table
2.1) than the AR in 2D (ca. 1.8-2.7; Fig. 2.3). The shape factor (T) shows striking variations in shape
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ranging from oblate to moderately prolate (Fig. 2.4). Thus, the Gorleben rock salt is not only foliated,
but also lineated which is related to the complex and polyphase deformation history of the Gorleben
salt dome (Bornemann et al., 2008).

The three-dimensional rock salt fabrics have been previously described for a shear zone by Miralles et
al. (2001), who determined a grain shape ellipsoid based on three perpendicular planes oriented in a
stratigraphic co-ordinate system of the study area. In contrast, in the studied Gorleben rock salt primary
planar and/or linear fabrics, which could have been used as a reference frame, are lacking. For this
reason, the axes of the obtained grain shape ellipsoids are not related to an external reference frame.
However, the variation from oblate to prolate ellipsoids and the determined anisotropies are in line with
the data of Miralles et al. (2001), although the ellipsoid axes were obtained using different methods.
The variations within the reconstructed ellipsoids in our study entail questions about data reliability
and error estimation. The incompatibility index (v(F~)) is generally an index of misfit between all single
grain ellipses and the final ellipsoid (Launeau and Robin, 2005). The authors show that the elimination
of few single values of some ellipses, which have been depicted as ‘wrong’ (\/(F™) > 30%), does not
change the overall ellipsoid, but only decreases the final index of the reconstructed ellipsoid. In the
case of Gorleben rock salt, the heterogeneity of the halite grain shape fabric might cause a certain
increase of V/(F”) (20.6 - 27.2 %; Table 2.1). However, elevated incompatibility indices do not necessarily
reflect unreliable data, because the authors further state that v/(F~) can be regarded as an approximate
standard deviation of the population of sectional ellipses. Thus, a high number of analyzed grains (n =
58 - 169; Table 2.1) might increase the index, although the reconstructed ellipsoid is valid. For a detailed
evaluation and discussion of factors influencing the incompatibility index, the reader is referred to
Launeau and Robin (2005).

The reconstructed ellipsoids were checked and verified by comparison to the analyzed and digitized
sample surfaces. Due to the transparency of clear halite segments, the approximate halite grain shape
could be partly obtained in hand specimens, especially at the sample edges. This simultaneous, visual
checking already exposed partly pencil-type (prolate) grain shapes according to the heterogeneous
halite grain shape ellipsoids (prolate to oblate) calculated by Ellipsoid.

Finally, the Ellipsoid technique is worth applying for a structural characterization yielding robust
geometrical data on rock salt fabrics, such as strength of foliation or lineation and stereoscopic
orientations of the fabrics. Both z2HS1 and z2HS2 show similar variations in grain shape ellipsoids
pointing to the pervasive and polyphase reworking of the z2HS group in the central part of the Gorleben
saltdome. Hence, the term foliation is not always appropriate for Gorleben rock salt, since planar fabrics
are not necessarily developed. The Ellipsoid technique recruits and enriches traditional techniques for

characterizing rock fabrics.
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2.5.2. Deformation mechanisms in Gorleben rock salt

The lack of primary structures, such as chevrons, hoppers or primary fluid inclusions in combination
with the elongated halite grains and the dissemination of anhydrite (former layers) indicate that this
rock salt must have been pervasively deformed.

The determined grain size is small and thus might have supported solution-precipitation creep as
deformation mechanism. When taking experimental data of rock salt into account (see Schléder,
2006, and references therein) the average grain size of 3.4 mm of the Gorleben samples and the low
paleodifferential stress values ranging from 1.1 to 1.3 MPa are in line with data for domal salt and
point to a combination of pressure solution and dislocation mechanisms. Unfortunately, there is no
temperature data available for our samples. Since the present-day basis of the Zechstein rock salt
in Gorleben is between 3200 and 3400 m (Bornemann et al., 2008), and referring to calculations on
sedimentary cover, salt uplift and structural evolution from Zirngast (1996) maximum temperatures can
only be roughly estimated by T < 100 °C.

Regarding the role of pressure solution, the prevalent grain-boundary fluid inclusions might have
supported solution-precipitation creep, especially in cases where the water content has exceeded the
present-day values. However, the water content for domal salt is generally low (Gies et al., 1990; Urai et
al., 1987) related to the “squeezing” of the rocks (Bornemann et al., 2008).

The lack of a LPO in the studied samples (Fig. 2.11) is even reported for strongly deformed rock salt in
shear zones (Schléder and Urai, 2007) and for domal salt (Desbois et al., 2010), which is interpreted as
evidence for dominant pressure solution processes. However, clear evidence for pressure solution is
scarce in the studied samples.

The presence of grain boundary fluids, characteristic grain boundary trends and differing subgrain
patterns in adjacent grains (see arrows in Figs. 2.5g and 2.7d) suggest that the rocks have been partly
recrystallized by fluid-assisted (and strain-induced) GBM. Moreover, evidence for GBM is indicated by
EBSD data (see Fig. 2.10), which reveals a certain degree of lattice bending (see IPF) for only one of two
adjacent halite grains. Due to the differing degree of crystal bending, the interfering grain boundary
is interpreted to have migrated into the stronger deformed (orange) grain (see arrows in Fig. 2.10d).
This particular case gives an example, how EBSD measurements complement evidence for active GBM,
which is otherwise only derived from subgrain fabric relations (see arrows in Figs. 2.5g and 2.7d) or
grain boundary outlines under the microscope (Fig. 2.7e). Different intensities of subgrain formation
in adjacent grains only suggest that the subgrain-rich grain has been invaded by a less-deformed grain
(e.g. Franssen, 1994; Kiister et al., 2010; Leitner et al., 2011; Schléder and Urai, 2005), and the intensity
and appearance of subgrains can also dependent on the crystal orientation (Trimby et al., 2000b). In
some cases, grain boundaries are not straight, but show cusps and bulges with sizes directly related to
the adjacent subgrains (Fig. 2.7e and f). Such characteristic bulges and cusps have been interpreted as

evidence for mobile grain boundaries with small migration distances (Franssen, 1994).
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The microfabrics together with the small grain size and the low differential stress suggest a combination
of pressure solution and dislocation creep. The latter is displayed by subgrains, which result from glide
and climb of dislocations and related recovery (e. g. Carter and Hansen, 1983; Drury and Urai, 1990). The
heterogeneous subgrain pattern might have been developed due to the multi-stage deformation. Sub-
boundary migration, as suggested by curved subgrain boundaries (Fig. 2.7a), might have contributed
to form the present, heterogeneous subgrain fabrics. Moreover, smaller subgrains are related to tips of
halite grains (Fig. 2.5g, upper arrow) or anhydrite impurities (Fig. 2.7c), which is taken as indication for
locally elevated differential stress.

Subgrain-size based paleopiezometry yielded low differential stress, which is in line with
paleopiezometric data obtained from other naturally deformed rock salt (e. g. Carter et al., 1993; Urai
and Spiers, 2007; Table 2.2). For Gorleben rock salt, slightly elevated differential stress between 2.3 and
3.0 MPa is only reported for a high-strain domain (Gorleben-Bank, z30SM) at the southern flank of the
main anticline of the salt dome (Mertineit et al., 2014).

A particular EBSD mapping of characteristic subgrain assemblages (Fig. 2.10) can be used to determine
the misorientation between the (sub)grains and to reconstruct the operating slip systems. The low
M-index of 0.851 reflects crystal lattice deformation, compared to a hypothetical, undeformed single
crystal (M = 1). The misorientation of the overall subgrains is relatively low (< 5°), which has also been
observed in subgrain fabrics of strongly deformed, synthetic rock salt (Pennock and Drury, 2005).
However, the EBSD analysis of sample RB649UR (Fig. 2.10) reveals (sub)grain boundary segments
with increased misorientation < 24° (high-angle boundary in the center of Fig. 2.10a and b). Increased
misorientation is not restricted to this boundary and occurs at other sites within the subgrain fabric of
the halite crystal (see arrows in Fig. 2.10b). These subordinate, isolated high-angle boundaries are linked
to boundary segments with angles of > 5°, which occur more frequently (black boundaries in Fig. 2.10b).
We assume that the misorientation angles > 10° were caused by subgrain rotation. The development of
isolated new grain boundary segments with higher misorientations in NaCl crystals has been previously
reported from experimentally deformed rock salt (Drury and Pennock, 2007; Guillopé and Poirier, 1979;
Pennock et al., 2002, 2005;). The jagged outline of the high-angle boundary (Fig. 2.11a and b) points at
least to a subgrain-dependent development by the characteristic intersections between subgrain and
high-angle boundary segments (see also Fig. 2.7b and e). As observed by Franssen (1994), the spacing
of the boundary bulges depends on the subgrain size.

The grain boundary misorientation angle in the central part of the halite grain (Fig. 2.10a and b)
decreases toward the top of the figure to 9° where, by definition, the grain boundary changes to a
subgrain boundary. At this site, the high-angle segment is replaced by a subgrain boundary network.
Thus, the grain boundary only partially dissects the halite crystal at its rim, which is further illustrated
by the limited distribution of the fluid phases along the boundary (see also Fig. 2.10a). The fluid phases

only exist where the misorientation is larger than 10°. Possibly, fluid has been distributed by successive
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opening of the grain boundary during the deformation of the halite grain. The nearby anhydrite cluster
(see dark section of Fig. 2.10a) could represent a potential fluid source.

The presence of subgrain boundaries does not necessarily imply that a rotational component of
subgrains is included. Small misorientation angles develop just by the slip and climb of dislocations.
Additionally, the migration of subgrain boundaries (Drury and Urai, 1990) can slightly increase the
misorientation angles. It remains ambiguous, whether the high-angle boundary has migrated for a
short distance causing increased misorientation angles.

SGRshould evidently increase misorientation angles, which can be measured using EBSD. However, SGR
has only been assumed to be operative in naturally deformed rock salt (e. g. Leitner et al., 2011; Zavada
etal,, 2012) and has never been clearly proven on natural samples, while experimental data on subgrain
rotation in halite are available (e. g. Franssen, 1994; Drury and Pennock, 2007, and references therein).
The pole figures obtained from EBSD (Fig. 2.10c) illustrate the amount of crystal plastic deformation
regarding subgrain rotation or crystal lattice bending. The characteristic scattering trends of different
crystallographic directions suggest that the high-angle boundary is a result of continuously-progressive
rotation, because otherwise two separate poles should be observable in the pole figure. It should be
emphasized that, although we interpret the high-angle grain boundary to be related to SGR, the overall
contribution of this mechanism is subordinate as proven by numerous parallel EBSD measurements.
The discovered <110> {110} slip system was reconstructed from a particular subset (dashed box in
Fig. 2.10b) in combination with the subgrain boundary outline and a rotation axis (Fig. 2.10d). This
reconstruction assumes that the subgrain boundary is a tilt wall. This assumption is based on relatively
low differential stress, as determined in our samples. At such low stress the rate-limiting process is the
climb of edge dislocations, resulting in tilt walls (subgrain boundaries; Carter et al., 1993). The identified
slip system for the particular subset of the EBSD map is in line with previous texture analyses (e. g.
Kister et al., 2010; Miralles et al., 2001; Zulauf et al., 2011). However, further slip systems are likely to
have been active, as the slip system analysis was restricted to only one subset. Furthermore, in order
for homogeneous strain to occur, five independent slip systems need to be active (Von Mises criterion;
Von Mises, 1928).

2.5.3. Deformation mechanisms operating in anhydrite

Anhydrite crystals along the margins of thick layers, and crystals forming the thinner anhydrite
interlayers, have larger grain size compared to the majority of anhydrite grains and are characterized
by weak deformation. The former occur rather isolated and are in some extent completely embedded
in halite matrix. Such anisolated position eliminates grain boundary-related deformation mechanisms,
such as GBM or solution precipitation creep. In contrast, the overall small grain size of anhydrite within
the layers is evident and certainly caused by several mechanisms. Hence, the small grain sizes can be

a result of dynamic recrystallization judged by the evidence for GBM, and can be further caused by
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solution (re)precipitation creep. The local enrichment of insoluble and organic matter along anhydrite
grain boundaries proves that solution precipitation creep was a major deformation mechanism in the
studied anhydrite (Bauerle, 1998; Bauerle et al., 2000; Zulauf et al., 2010). Crystal plastic deformation is
mostly common in larger crystals (Fig. 2.14e), which are interpreted as relicts of sedimentary and post-
sedimentary processes such as cementation and gypsum-anhydrite transition (Langbein, 1987; Balzer,
1997).

The role of brittle deformation should be emphasized regarding small grain sizes, as well. Although
clear microfractures within the anhydrite layers and clusters have not been observed, brittle shearing
and disintegration are possible explanations for the evident grain size differences between the major
layers and anhydrite crystals located at the layer rims or those composing the interlayers. Macroscopic
anhydrite fragments, displaying a planar shape, point to brittle boudinage of former coherent layers (see
Fig. 2.12c). No continuous layers are preserved, and although z2HS2 is named after alternating layers of
anhydrite and halite (German language: Streifen), anhydrite layers are fragmented and dispersed (Fig.
2.12a, right).

Evidence for different deformation mechanisms are presumably related to the multi-stage
deformation history of these rocks during salt diapirism. In this scenario, the anhydrite was affected
by GBM recrystallization documented by irregular and bulged anhydrite grain boundaries. In a younger
deformation event, where the burial depth was lower due to salt emplacement, anhydrite was affected
by solution-precipitation creep, which can operate at lower differential stress. To estimate P-T conditions
of different anhydrite types, detailed fluid inclusion analyses are promising methods. Evidence for multi-
stage deformation in the Gorleben salt dome was also found in the Gorleben-Bank (z30SM, Mertineit et
al., 2014), a cm to dm thick anhydrite layer of the Leine unit (z3).

Strain-free, euhedral anhydrite crystals could result from new crystal growth (e.g. at the rims of the layer
and in halite interlayer). Whether these crystals developed from deformation-related brine, advanced
geochemical investigations are necessary (e.g. trace element distribution, Sr, S and O isotope analyses
of sulphates, Sr, C and O isotope analyses of euhedral dolomite crystals).

The observed microstructures and deformation mechanisms depending on layer thickness are in line
with previous observations in different geological settings (e.g. Bauerle et al., 2000; Mertineit et al.,
2012,2014; Zulauf et al., 2010). Mechanisms such as subgrain formation, solution reprecipitation creep,
macroscopic fracturing and brittle disintegration of grains point to a brittle-ductile deformation regime.
The disintegration of anhydrite in combination with viscous flow of halite results in an anhydrite-halite
mélange. Potential microfractures within anhydrite clusters are healed by viscous halite ingress (Zulauf
et al., 2009, 2010, 2011) or by solution (re)precipitation creep of halite and/or anhydrite. Regarding the
fragmentation and dissemination of anhydrite, no continuous layers remained and pathways for fluids
have been sealed. Thus, fluid migration, which is often accounted for anhydrite, is an unlikely scenario
for z2HS1 and z2HS2.
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Despite of the characteristic anhydrite distribution in both formations, deformation experiments
revealed that these rocks show higher creep rates compared to other salt formations (Hunsche et al,,
2003). Moreover, the Gorleben z2HS rocks show very low permeability values in the range of 10 m?
(Hammer et al., 2012, 2015).

2.5.4. Differences and similarities of the salt formations

Both salt formations studied show distinct similarities regarding grain shape and microfabrics. The
macroscopic differences, indicated by drill cores (Fig. 2.12a) or by underground exploration, are related
to the distinct layering of the zZ2HS2 formation compared to the stronger homogenized z2HS1 formation.
Our microstructural observations are in line with the definition of the Hauptsalz body depicted as a
salt-tectonic breccia (e. g. Bornemann et al., 2008) with gradual transitions leading from one formation
into another. The sampling range in our study covers horizontally ca. 300 m cutting the salt anticline
axis in cross cut 1 West (see Fig. 1) and the boundary z2HS1/z2HS2. For this area, the (micro)structural
differences between both salt formations seem to be less distinct than those reported in the direction
toward the northern flank over larger distance (Bornemann et al., 2008). Although there is a macroscopic
difference in anhydrite distribution (layering) throughout both salt formations, no microstructural
differences can be found. This fact suggests that the larger-scaled distribution of anhydrite had no effect
on the development of the halite microstructure and, therefore, no effect on the deformation behavior

of the rock salt.

2.6. Conclusions

1) Our microfabric data suggest that halite strain was accommodated by different deformation
mechanisms, such as dislocation creep (grain boundary migratiion, subgrain formation) and solution-
precipitation creep

2) The Gorleben rock salt is characterized by heterogeneous grain shape fabrics with grain shape
ellipsoids of halite ranging from oblate to prolate and relatively high average axial ratios (ARs) compared
to published data for other salt deposits.

3) Anhydrite has been deformed in the brittle-ductile regime. The microfabrics suggest that the most
dominant deformation mechanism was solution precipitation creep, although some evidence for
crystal plastic deformation is also documented. Brittle disintegration and disruption of anhydrite was
absorbed and sealed by the viscous creep of halite ensuring the re-establishing of the rock salt sealing
capacity.

Continuous anhydrite layers are not preserved and, therefore, potential migration pathways for fluids
do not exist, which is an important fact for nuclear waste disposal.

4) The variations in anhydrite distribution had no significant impact on the development of the halite
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microfabrics and the deformation behavior of the rock salt, since halite microstructures in both

formations are similar.
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Abstract

Strongly deformed halite and anhydrite rocks of the Gorleben-Bank (z30SM) were investigated in a wide
range of outcrops within the Gorleben exploration mine. The deformation behavior of the Gorleben-Bank
varies significantly because of its layered composition. Individual zones show variations in deformation
style depending on the mineralogical composition, internal structure, thickness and position within the
saltdome. Aspecial feature of the Gorleben-Bankis the clayey zone lll, that was acting as a shear horizon,
de-coupling the foot and the hanging walls of the Gorleben-Bank. Geometrical analyses of extension
fractures show a weak correlation of fracture spacing and layer thickness. However, a characteristic
aspect ratio does not exist. Mineralogical-geochemical analyses rock salt situated adjacent to the
Gorleben-Bank reveal the sedimentary signature and show only local influence of brines. Analyses of
the deformation behavior of bedded anhydrite rocks are important for several technical and economic

purposes, as anhydrite rocks occur worldwide in salt deposits.

In: Roberts, L., Mellegard, K., Hansen, F. (Eds.). The Mechanical Behavior of Salt VIII, Taylor & Francis
Group, London, 99-107. DOI: 10.1201/b18393-14.

*N. Thiemeyer conducted the EBSD measurements regarding crystal plastic strain accommodation in

anhydrite and halite.
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3.1. Introduction

Investigations of salt rocks are important for several purposes, e.g. cavern industries, salt mining or
the construction of a repository for highly active, heat generating radioactive waste. Anhydrite rocks
within a salt repository result from gypsum precipitation and later transition to anhydrite and are a
common phenomenon worldwide (Hudec & Jackson, 2007). Due to different deformation behavior
compared to rock salt, for longterm safety considerations the deformation of anhydrite layers during
salt emplacement and their capacity to store and transmit brines in fissures and faults should receive
attention (e.g. Hammer et al., 2014). Furthermore, the analyses of relatively competent layers inside salt
bodies enable the reconstruction of the development of salt emplacement (Hudec & Jackson, 2007).
In Germany, upper Permian salt rocks of the Gorleben salt dome were investigated in great detail,
especially of the StaRfurt (z2) and the Leine unit (z3). The composition, in particular that of the z3 unit,
is characterized by stratigraphically and locally varying amounts of anhydrite layers, the latter with
thicknesses of a few mm to several 10 m.

The rheology and deformation behavior of anhydrite or halite-anhydrite composites have been
investigated in different studies. In experiments with polycrystalline or natural anhydrite samples,
evidence for crystal plastic flow was observed at high temperature and confining pressure (e.g. Miller
et al,, 1981, Dell’Angelo & Olgaard, 1995). Brittle-ductile behavior of anhydrite was observed by other
workers under different deformation conditions using different experimental setups (e.g. Peach, 1993,
Heidelbachetal., 2001, Liangetal.,2007, Zulaufetal.,2009,2010,2011,2012, Hangx et al.,2011). Textural
analyses of anhydrite-rich layers, deformed in a siliciclastic matrix, were performed by e.g. De Paola et
al. (2008) and Hildyard et al. (2009). So far, only few microfabric studies of naturally deformed anhydrite
(deformed in an evaporitic matrix) were carried out (e.g. Dix & Jackson, 1982, Schindl-Neumayer, 1984,
Mainprice et al., 1993, Bauerle, 2000, Mertineit et al., 2012, 2014).

Fabric analyses of the Gorleben-Bank (z30SM) offer the opportunity to reconstruct the deformation
history as well as the quantification of finite strain and the influence of intrasalinare brines in the

Gorleben salt dome.
3.2. Geological setup, sampling and methods

The Gorleben-Bank (z30SM) is an anhydrite layer and forming the middle part of the Orangesalz (z30S),
characterized by significant variations in thickness from < 10 cm up to 66 cm (Kiihnlenz et al., 2014).
The Gorleben-Bank has been subdivided into 7 zones (Fig. 3.1, Bauerle, 2000, modified by Kiihnlenz
et al., 2014), which consist mainly of halite/carnallite (zones | & 1V), anhydrite (zones I, V & VI) and
halite/anhydrite composites (zone VII). Within zones I, V and VI, halite clasts occur, which are frequently

elongated. A distinctive feature of the Gorleben-Bank is zone IlI, which consists of clay, organic matter,
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siliceous components and more or less fine grained anhydrite and halite. The mechanically weak zone
1l is frequently sheared. Open veins caused by bedding-parallel fracturing of zone Il were mineralized

by carnallite and/or halite (= zone IV).

Fig. 3.1: Lithostratigraphic and petrographic composition of the Gorleben-Bank (z30SM). a) Schematic
geological profile of the Gorleben-Bank and surrounding Orangesalz. b) Example of a typical Gorleben-
Bank exposure containing zones | - VII. Exploration borehole 02YEA04RB025. From Kiihnlenz et al., 2014.

Most Gorleben-Bank outcrops are located within the infrastructure area of the Gorleben exploration
mine. The outcrops at the 820 m and 840 m level of the exploration mine are differently affected by a
domal structure within the Gorleben salt dome (Kiihnlenz et al., in prep.). Outcrops at the 880 m and
930 m levels were not influenced by this domal structure. For fabric and structural analyses, several
outcrops situated at different positions with respect to the internal structure of the salt dome were
considered. The investigation focus on the layer thickness and the width of fractures and boudin necks.
Powder and core samples of anhydrite, boudin neck infill and surrounding rock salt were collected for
mineralogical-geochemical and microfabric analyses. Microfabrics of halite were analyzed using light
microscopy on thin and thick sections, and electron backscatter diffraction (EBSD) using a JEOL JSM-
6490 SEM (Frankfurt University) with an EBSD detector by Oxford Instruments. Analyses were carried
out at an accelerating voltage of 20 kV, a current of 26 pA and a working distance of 20 mm. Kikuchi

patterns were indexed automatically using the Channel 5 software by HKL Technology. The angular
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resolution of the obtained data is 1°.

The powder samples were analyzed geochemically using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES; Spectro CIROS ICP-OES) for the cations Na, K, Mg, Ca and Sr, and the anions
Cl, SO4 and Br (for analytical details and limits of detection, see Kister et al., 2009, Mertineit et al.,
2014). The quantitative mineralogical composition and the bromide distribution of the sampled rocks
were calculated using the software ZECHMIN-7 (Schramm & Bornemann, 2004, Bornemann et al., 2008).
The content of Sr in anhydrite and Br in halite, respectively, depends on both, the sedimentary and
metamorphic conditions. Thus, content and variations of the trace elements can be used for genetic

interpretations of the rocks (e.g. Mattenklott, 1994, Bauerle, 2000).

3.3. Results

Due to the bedding of the Gorleben-Bank and the different composition of individual beds, the
deformation behavior of the Gorleben-Bank is quite complex. Individual beds show different behavior,

dependent on thickness, composition and internal structure.

3.3.1. Deformation behavior of individual zones

Zone | (thin anhydrite layer with impure, coarse grained halite) shows differences in the thickness (mm
to cm) and is only disclosed in ca. 1/3 of the outcrops. Within the layer, elongated halite crystals with
a size of few cm are noticeable. EBSD investigations of these clasts show that they consist of single
crystals with a lattice bending of ca. 2°. The bromide content of these single crystals varies between 175
and 200 pg/g halite, which is in line with published data. The surrounding rock salt, on the other hand,
shows Br values of 100 - 205 pg/g halite. Except from halite, in zone | polyhalite < 2.8 wt.-%, kieserite <
13.1 wt.-% and carnallite < 3.0 wt.-% were found.

The deformation behavior of zone Il depends on the internal structures. Usually zone Il has a thickness
of 0.1 - 1 cm. In some cases, synsedimentary developed slump folds cause a thickening of the layer
up to ca. 4 cm (Hammer et al., 2014). In this case, the layer does not seem to be further deformed and
behaves rigidly. The microstructures in zone Il are variable. Bauerle (2000) distinguished between fine
grained and well sorted anhydrite, and acicular to irregular, coarser grained anhydrite, which is strongly
affected by the development of secondary phases like polyhalite, boracites and enrichment of organic
matter, which is an evidence for involved K-Mg rich brines.

Zone lll plays an important role for the deformation of the Gorleben-Bank. Due to its composition (clay
and phyllosilicates, organic matter, fine grained anhydrite and halite), zone lll acts as a shear zone, which
decouples the foot and the hanging walls of the Gorleben-Bank. Polyphase deformation is documented
by different orientations of slickenside. In the clayey parts of zone ll, halite filled tension gashes occur.

Zone IV consists of halite and/or carnallite and developed during deformation related opening and
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filling of fractures. Zone IV is directly related to movement along zone Il and precipitated from a brine,

which migrated bedding-parallel to zone Ill. In this case, zone Il is subdivided into zones Illa and Ilib.

Zone IV is basically disclosed as bedding-parallel filling of zone IlI, but it can also skip into hanging or

foot walls of the Gorleben-Bank. Polyphase development is documented by segmented composition of

zone IV (halite and carnallite, often separated by thin clayey or sulphate layers).

ZonesV and VI are the thickest anhydrite beds within the Gorleben-Bank. Zones V and VI show a similar

deformation behavior and can be regarded as one unit in this aspect. Both zones are often strongly

deformed by folding or boudinage. It is remarkable, that these zones often show different deformation

structures compared to the foot beds beneath zone Ill, which is caused by the particular mechanical

Fig. 3.2: Decoupling and deformation of zones V-VII: view along
zone llla, which is separated by the development of zone IV in zone
Illa and Illb. Zones V - VIl are boudinaged.

weakness of this zone. Within the
beds, elongated halite clasts with
the long axis oriented parallel to
the bedding planes are noticeable.
Microstructural investigations
of these clasts suggest that they
consist of both single crystals
and polycrystalline aggregates,
respectively. At  the  grain
boundaries of the polycrystalline
clasts, small anhydrite crystals and
fluid inclusions occur. The bromide
content of the polycrystalline clasts
shows a wide range from 120 - 200
pg/g halite, suggesting a different
origin of the aggregates.

Zones V and VI show distinct
variationsin thickness ranging from
mm to several dm. In rare cases,
slump folds occur. Microstructural
investigations show a strong
dependency of layer thickness and

microfabrics (Mertineit et al., 2014).
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Thin layers consist of fine grained anhydrite crystals with high amounts of organic matter, indicating
solution-precipitation creep as the main deformation mechanism. In thick layers, diagenetic structures
like stylolite or large, fan shaped anhydrite crystals (as a result of the gypsum - anhydrite transition)
are preserved. Grain boundaries are often lobate and without impurities, indicating grain boundary
migration and bulging recrystallization. Single crystals show high amounts of twins with tapering edges,
suggesting deformation twinning.

Zone VIl consists of four thin anhydrite layers, separated by thin halite beds. Boudinage of this zone only
occurs in areas of high finite strain, high total thickness of the Gorleben-Bank and comparatively thick
anhydrite layers within zone VII (Fig. 3.2). In most other cases, this zone follows the general shape of

the Gorleben-Bank and seems to compensate material movement of zones V & VI by viscous behavior.

3.3.2. General observations

In general, the Gorleben-Bank shows various deformation structures, which are dependent on

the position within the salt dome (finite strain, stress regime), composition, internal structure and

thickness of the layer. There is evidence for polyphase deformation such as crossing fractures, fractures
crosscutting folds, or reverse movement of
material, documented by first folded, then
boudinaged anhydrite layers.
Boudinage inside the Gorleben-Bank is
supported by the mechanical weakness of
zone lll. Several outcrops show a complete
separation of single Gorleben-Bank fragments,
whereas asymmetric boudins developed (Fig.
3.3). The upper zones are particularly affected
by shearing. The necks between these blocks
are filled with halite and/or carnallite, and
often small fragments of anhydrite of zones V/
VI. In some cases, zone lll acts as a weakening
zone and decouples the layers above and
beneath. In these cases, basically zones V &
VI are separated. Zone VI, a composite of thin

anhydrite lines and halite, behaves differently.

Fig. 3.3: Asymmetric boudin of Gorleben-Bank. Boudin
neck is filled with carnallite. Note small fragments of
anhydrite in boudin neck.
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In some cases, the zone is also separated, but in most cases strain seems to be accommodated by

viscous behavior.

Fig. 3.4: Different outcrops of the Gorleben-Bank in the Gorleben exploration mine.
a) Folded and overturned Gorleben-Bank, 840 m level. Note thickened zone I. b)
Schematic image of a), with bromide content. All Br data + < 3%, except of high value
in fold hinge + 7.3 %. c) Fractures in Gorleben-Bank, 930 m level. d) Schematic image
of ¢), with bromide content. All Br data + < 3%. Note fracture development from zone
Il in direction of hanging zones. Zone IV did not form.
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Folds are tight to isoclinal with distinct thickening of the hinges (Figs 3.4a, b). Usually, disharmonic
bending shear folds developed (see also Bornemann et al., 2008). Tension gashes along the crest of
the folds, basically observed in zones V and VI, are filled with halite. Pressure solution took place in the
central part of the crest and caused the enrichment of insoluble phases.

Fracturing represents the youngest deformation event and affected the Gorleben-Bank independent of
the layer thickness. The orientation of fractures is different and perpendicular or oblique to bedding.
Fractures can penetrate the whole rock sequence, oronly afew zones. Fractures are filled with halite and/
or carnallite. In some cases, both types are disclosed in one outcrop and their crosscutting relationship
can be used for temporal reconstructions.

During progressive deformation, fractures can enlarge and separate single fragments of the Gorleben-
Bank. In this case, the boudin neck infill consists of halite and/or carnallite, which precipitated from

deformation related brines. Almost no host rocks and Gorleben-Bank fragments are detectable in the

Fig. 3.5: Geometrical analyses of extension fractures oriented perpendicular to bedding in 17 Gorleben-
Bank outcrops. a) Distance between fractures SF vs. layer thickness Hf. n = number of analyzed fractures.
b) Fracture width SW vs. layer thickness Hf. n = number of analyzed fractures.

boudin neck (Figs. 3.4c, d).

Geometrical analyses of 17 Gorleben-Bank outcrops show that the width of fractures SW is usually few
mm to max. 2 cm, with a total maximum of 19 cm (Fig. 3.5b). The distance between single fractures, SF,
depends weakly on the layer thickness (Fig. 3.5a; correlation coefficient R=0.541), and is basically < 20
cm, but can reach 90 cm.

Mineralogical-geochemical analyses of surrounding rock salt show a bromide content of ca. 180 - 190
pg/g halite in the lower, and ca. 160 - 180 pg/g halite in the upper Orangesalz, which are common
values. An exception is the lateral increase of bromide content in zZ30S0O as shown in Figure 3.4d, which

is probably caused by an infiltration of zZ30SO by metamorphic brine.
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3.3.3. Strain analyses

Geometrical analyses of changes in length of folds, boudins and fractures offer the opportunity to
estimate finite strain on outcrop scale. Unfortunately, this method gives only a rough estimation.
Furthermore, usually only one direction of movement is observable due to outcrop conditions.

However, for exemplary, few outcrops were measured by comparing present and primary lengths of the
layer. In case of fracturing and boudinage (Fig. 3.4a, b), extension is approximately +11% perpendicular

to bedding. In case of folding (Fig. 3.4c, d), shortening is approximately -21% along bedding.
3.4. Discussion

The origin and deformation history of the halitic part of zone I is not well understood. Bauerle (2000)
suggests a development that is based on recycling processes of pore fluids and first halite precipitatesin
an early stage of diagenesisand compaction, which explains the strong variationsin the bromide content.
The presence of salinar brines is supported by carnallite and kieserite, which precipitated in a late stage
of evaporation. But these conditions were not fulfilled, as is shown by the bromide content, which is
too low for the formation of kieserite and carnallite (e.g. Bornemann et al., 2008). Furthermore, zone
| (if developed) was partly affected by the main deformation events judging its pretectonic origin. The
low amount of subgrains points to very low crystalplastic strain. The lack of a crystallographic preferred
orientation (CPO) points to solution-precipitation creep as the main deformation mechanism. The low
content of substructures and lack of a preferred orientation suggest an influence of metamorphic brines
even during younger deformation events.

The origin and genesis of halite clasts (Figs. 3.4a, b) remains unclear as well. The clasts were observed in
halitic parts of zone |, and in anhydrite of zones V/VI. The bromide content of single crystal clasts in zone
| is approximately equivalent to that of the surrounding halite, only few samples show differences. In
this case, clasts have values of ca. 175 - 200 pugBr/g halite (which is common for halite in zone I), whereas
Br content of surrounding rock salt of zone | decreases to ~100 pg/g halite. A possible explanation is,
that halite clasts represent an older, boudinaged halite layer, which behaved more rigidly than the
surrounding, finer grained halite. A similar explanation is currently given for the formation of the
“Kristallbrockensalz” in salt domes in northern Germany (e.g. Bornemann et al., 2008; Kuster et al.,
2010). To prove this assumption, further microstructural investigations on a broad set of samples are
necessary.

For clasts in Zones V/VI, a similar explanation is assumed. Possibly, a thin halite layer developed within
the anhydrite zones, which has been mobilized during diagenesis or later deformation. But also in this
case, further investigations are recommended.

The geometrical data of extension fractures shows a weak relationship between the distance

between single fractures and the layer thickness. But in this evaluation, all outcrops were considered,
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independent of their position within the salt dome, and probably fractures of different deformation
events were considered. A stricter differentiation between different environments could improve the
results and prove, whether this relation is valid or not. Furthermore, more detailed investigations will be
performed to apply the concept of fracture saturation (e.g. Bai & Pollard, 1999, 2000).

The fracture width, on the other hand, does not show any relationship between width and layer
thickness, but width seems to depend on the finite strain.

First results of geometrical finite strain estimations show relatively high amounts of strain. These
analyses will be expanded with respect to polyphase deformation and position within the salt dome.
Furthermore, volumetric strain of anhydrite rocks will be determined using analyses of immobile
elements (e.g. Grant, 1986).

Mineralogical-geochemical analyses of z30S represent dominantly the sedimentary signature and are
in line with previous geochemical analyses of z30S (e.g. Bauerle, 2000, Bornemann et al., 2008, Mertineit
etal., 2014). Local variations (Fig. 3.4d) can be explained by an infiltration of brines into the surrounding
halite, where brine might have been migrated at the anhydrite-halite interface. To estimate the origin of
these brines, advanced geochemical analyses were successful applied to characterize Gorleben-Bank
related fluids (Kiihnlenz et al., in prep.).

The different deformation behavior of the Gorleben-Bank zones is controlled by the total layer thickness,
the thickness of each zone, the internal structure of each zone, the composition, and the position in the
salt dome (stress regime, finite strain, fluid activity). Due to these numerous variables, it is complex to
balance and estimate the importance and influence of each parameter.

However, recent microstructural investigations on strongly deformed anhydrite rocks (e.g. Mertineit
et al.,, 2012, 2014; Schorn et al., 2013) found a distinct relationship between the inventory of
microstructures and layer thickness. In thin anhydrite layers, almost the entire rock is deformed by
solution-precipitation processes. In thick layers, evidence for diagenetic processes is still preserved,
and strain is accommodated locally by crystal plastic deformation of anhydrite (undulose extinction,
subgrain formation, grain boundary migration recrystallization, bulging recrystallization, formation of
deformation twins).

Based on this knowledge, single zones of the Gorleben-Bank could be investigated. Microstructural and
microgeochemical analyses could help to improve the understanding of different deformation behavior.
There are severalindications for polyphase deformation, e.g. crossing generations of fractures, fractures
crosscutting folds, or reverse movement of material, documented by first folded, then boudinaged
anhydrite layers. To estimate the history and phases of deformation, age dating of fracture infill is a
promising method. Different age dating systems could be applied, e.g. 40Ar/39Ar (e.g. Leitner et al.,
2013) or K-Ar in polyhalite and carnallite (Huff & Wampler, 1990), respectively, depending on the
mineralogical composition.

Predictions about the deformation behavior of thick layered anhydrite, e.g. the Hauptanhydrit (z3HA),
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will be difficult and probably only valid for local conditions. The Hauptanhydrit in the Gorleben salt
dome reaches a thickness of 80 m and can be subdivided in 13 zones, which are different in composition
and fabrics (Bornemann et al., 2008). Investigations on the Gorleben-Bank, a layer which is limited in

dimensions, demonstrate the variety of deformation structures in layered anhydrite rocks.
3.5. Conclusions

- The deformation behavior was analyzed in a wide range of outcrops within the Gorleben exploration
mine. The deformation behavior of halite and anhydrite rocks of the Gorleben-Bank depends on many
parameters, such as composition of the rocks, internal structure, position within the salt dome and
layer thickness.

- Each zone of the Gorleben-Bank behaves differently and has to be considered individually.

- A special feature of the Gorleben-Bank is the sheared, clayey zone Ill, which decouples the foot and the
hanging walls of the Gorleben-Bank.

- Analyses of extension fractures show a weak dependence on space between single fractures and layer
thickness. An aspect ratio between fracture width and layer thickness, on the other hand, could not be
observed.

- Further investigations of single zones will focus on microfabrics and detailed mineralogical-
geochemical analyses.

- Predictions about the deformation behavior of thick anhydrite layers (such as the Hauptanhydrit),

based on investigations on thin layers, are only valid on a local scale and cannot be generalized.
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Abstract

In context of further exploration of the Gorleben salt dome (March 2011 to November 2012) mineralogical
and geochemical investigations have been conducted on hydrocarbon-bearing samples of the
“Knduelsalz” (z2HS1), particularly the oldest part of the “Hauptsalz” (Stal¥furt Series z2). Investigations
focus on genesis, composition and macro-/microstructural distribution of hydrocarbons. These
exploration works continue investigations of Gerling & Faber (2001) and Gerling et al. (2002).

For this purpose 45 entire cored sampling boreholes supplemented with 20 packer boreholes in
Crosscuts 1 West (Q1W) and 1 East (Q1E) have been drilled between March 2011 and March 2012 at
the 840 m level of the Gorleben exploration mine in order to get new faultless and unaltered samples
beyond the excavation damaged zone. Drill cores of hydrocarbon sampling and packer boreholes have
been investigated under ultraviolet light (A = 254 nm) for indications of the existence of fluorescent
(aromatic) hydrocarbons. The results were documented and visualised in the geological 3D model of
the Gorleben salt dome.

Microscopical studies of thin and thick sections show that hydrocarbons were located at the grain
boundaries of halite and/or anhydrite crystals, in newly formed microcracks due to drilling respectively
preparational works, in microcapillary tubes of anhydrite crystals and rarely in micro-porous parts of
the Hauptsalz.

Keywords: 840 m level, crosscut, Gorleben, hydrocarbon, Knauelsalz, 3D model, ultraviolet light

German Journal of Geosciences 165 (1), 3-14. DOI: 10.1127/1860-1804/2014/0053 1860-1804/0053.

*N. Thiemeyer analyzed the rock salt microstructures with particular focus on hydrocarbon distributions

and rock salt fabrics.
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4.1. Introduction

Hydrocarbons are a natural constituent of most sedimentary and metamorphic rocks within earth crust
and also present in salt formations (Loffler & Schulze 1962, Bornemann et al. 2008). They are common
in evaporite rocks in minor quantities as autochthonous constituents - derived from biomass remains
- with very low concentrations usually in the ppb range (Gerling et al. 1991, Hammer et al. 2012, 2013).
Slightly higher concentrations are observed within the potash seams of the central European Zechstein
Formation (Gerling et al. 1988, 1991, 2002).

In addition to the autochthonous hydrocarbons, most salt formations also contain hydrocarbons which
have migrated into the salt rocks from the calcareous-argillaceous sediments in the underlying rocks
(Cramer 2005) or from the rocks surrounding the evaporites. However, hydrocarbons only migrate into
evaporites if temporarily open fracture systems developed during the salt uprise (Bornemann et al.
2008). These are the only conditions which enable hydrocarbons to migrate into salt formations. Such
hydrocarbons are then trapped within the salt rocks as a result of recrystallisation and healing processes,
and then dragged along or relocated within the structure during the further upward salt movement and
salt creep. The distribution of hydrocarbons within a salt dome is therefore strongly dependent on the

structural-halokinetic development of the salt structure and its lithological composition.

4.2. Macroscopic observations regarding to the distribution of
hydrocarbons in the Gorleben salt dome

Hydrocarbon occurrences in the Gorleben exploration mine are restricted to exposures of the
“Hauptanhydrit”  (z3HA),
“Kalifloz StaRfurt” (z2SF)
and “Hauptsalz” (z2HS1-
3) of the StaRfurt Series
(z2HS) (Figs. 4.1, 4.2;

Bornemann et al. 2008).

Fig.4.1: Location map ofthe
Gorleben salt dome (black
arrow in the enlarged
image section; BMWi 2008,
modified) in Lower Saxony
(Germany).
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Fig. 4.2: Simplified stratigraphic table of the salt rocks at the transition zone Zechstein 2 (Stal3furt

Series) and Zechstein 3 (Leine Series).

Hydrocarbon occurrences in the underground workings are usually identifiable as dark, light brown,
beige-yellowish or olive patches on the walls or roofs.

These patches do not represent large continuously outflowing occurrences, but rather small local
isolated outflows of hydrocarbons from the rocks into the drifts for a limited period of time. The
outflowing hydrocarbons spread out under the force of gravity to cover large areas over the surface of
the rocks around the original outflow point. Therefore the condensate patches give the impression that
an apparently large hydrocarbon occurrence has been encountered (Fig. 4.3).

Macroscopic analysis of cores of sampling boreholesin crosscuts 1 West and 1 East under ultraviolet light
(A=254 nm; Fig. 4.4) revealed that the (aromatic) hydrocarbons contained in the StaRfurt Hauptsalz are
mainly located along the grain boundaries of halite and/or anhydrite crystals, and are therefore bound
to intercrystalline spaces. Hydrocarbons bound to intracrystalline spaces in the “Knauelsalz” (z2HS1)
were only found rarely and very locally. When viewed in transmitted and reflected artificial light, these
cores rarely show any macroscopic visible indication for the presence of hydrocarbons (Fig. 4.5).
Ultraviolet light, however, reveals a heterogonous distribution (variation in size and shape) of
hydrocarbons in the cores. It should be noted that the fluorescent light emitted by hydrocarbons is
broken and scattered at the grain boundaries of salt minerals. Because of the high transparency of the
halite crystals, viewing the hydrocarbon distribution in cores and in thin sections under UV light gives
rise to the formation of halos around the hydrocarbon inclusions. As a result, this gives an erroneous
impression that the cores are impregnated by a much larger volume of hydrocarbons than it is actually

the case.
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Fig. 4.3: Photo at artificial light (left) and ultraviolet light (right) of drilling station 1.2 in Crosscut 1 West at
the 840 m exploration level. View to the SW-corner of drilling station 1.2, located in z2HS2 (Streifensalz);
distances between cross-shaped marks about 1 m. The individual condensate outflows are labeled for
documentation (e.g. RF 186 in the lower centre). The hydrocarbons appear as a result of the disaggregation
of the rocks during drifting, and then spread out on the wall of the drift to form extensive beige-olive
coloured patches. On the right photo it is recognisable that the fluorescent hydrocarbons are mainly
derived from thin layers of anhydrite or anhydrite-rich halite parallel to bedding (shown by blue dashed
lines) and spread under the influence of gravity (photos: DBE).

Fig. 4.4: Geological map of exploration area 1 (EB1) at the 840 m level (BGR, modified). The red rectangles
represent the areas in Crosscut 1 West and Crosscut 1 East where the hydrocarbon sampling boreholes
have been drilled.
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Fig. 4.5: Core segment with a diameter of 72 mm from the hydrocarbon sampling borehole RB652 from
depth 1.14 m to 1.29 m at different lighting (core head: top of photo; drilling head: bottom). The core
segment doesn’t show any noticeable abnormalities in comparison with hydrocarbon-free Hauptsalz
samples under reflected artificial light (RL) or transmitted light (TL). Black areas at transmitted light
contain more crystals or clews of anhydrite than the translucent halite-rich regions. Under ultraviolet
light (UV) aromatic hydrocarbons on grain boundaries of halite and anhydrite crystals fluoresce bluish
and trace the grain boundaries, which leads to a halo effect in nearby crystals. Combining the individual
pictures into one image (reflected light + UV: RL + UV and transmitted light + UV: TL + UV) reduces the halo
effect and reveals the macroscopic structures containing the hydrocarbons.

4.3. 3D visualisation of the hydrocarbon distribution in the Gorleben
exploration mine

The cores from the 6 m (Q1W) or 9 m (Q1E) hydrocarbon sampling boreholes in crosscuts 1 West (25
boreholes) and 1 East (20 boreholes) were completely mapped under UV light. The boreholes have been
air drilled with nearly identical distances depending on the existing mining infrastructure. The depths
of the fluorescing zones were documented in the borehole logs and prepared for three-dimensional
visualisation. The fluorescence intensity of the cores was subdivided into “strong” (intensive
fluorescence) and “weak” fluorescing zones with the aim of identifying any possible correlations of
fluorescence intensity with the hydrocarbon content or salt rock composition.

The results of the UV mapping of the cores were processed with the AutoCAD-based openGEO software
for visualisation of the hydrocarbon-enriched zones in the 3D model of the underground workings
at the 840 m level (EB1; Figs. 4.6, 4.7). For visualisation reasons, the 3D visualisation only took into
consideration zones whose average appearance did not change significantly over a distance of 5 cm.

Core zones where hydrocarbon-associated fluorescence only affected part of the core diameter were
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visualised as hydrocarbon-bearing zones. The core segment of the hydrocarbon borehole RB652 shown
in Fig. 4.5 therefore appears in the three-dimensional visualisation as a hydrocarbon-impregnated core
section even though the hydrocarbons observed here have a multiple interrupted, streaky distribution.
Therefore, the three-dimensional visualisations in Figs. 4.6 and 4.7 only document the core sections
containing hydrocarbons but do not provide any information at all on the total content or shape of the
hydrocarbon impregnations.

As it can be seen, in z2HS1 the hydrocarbons appear in the form of intersected streaks, clouds, islands
and clasts. As a result of the uprising salt during halokinesis and the involved salt tectonic processes
the original structure of z2HS1 and the included hydrocarbon enriched zones have been destroyed.
As a result of the homogenisation of the z2HS1 during halokinesis it is nearly impossible to correlate
the hydrocarbon bearing zones in the boreholes among each other. Along with results of packer tests

(Hammer et al. 2012, 2013) the individual hydrocarbon occurrences seem to be isolated of each other.

Fig. 4.6: 3D visualisation of the UV core mapping results of the hydrocarbon
sampling boreholes in part of the Crosscut 1 West in the vicinity of the large
condensate patch (several m? in size) around the hydrocarbon sampling
borehole RB648.

In addition to the three-dimensional visualisation of the zones impregnated with hydrocarbons, it is
also possible to combine the geometric visualisation with the hydrocarbon concentrations (Fig. 4.8),
e.g. total amount of C1-C40 determined with Fast-RGA, HS-GC-FID and GC-FID after dissolving 200
g salt samples in 1 | of water (Hammer et al. 2012). The model part with the large condensate patch
in Crosscut 1 West shows the hydrocarbon concentrations (sum C1-C40) for the samples taken
from depth zone 4.5 m to 6.0 m at identical depths over all cores (for more details and results see
Hammer et al. 2012). The geochemical results show a natural hydrocarbon background for the oldest

Hauptsalz (Knduelsalz, z2HS1) in Crosscut 1 West of <1 mg/kg (C1-C40). The overall concentrations of
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Fig. 4.7: 3D visualisation of the UV core mapping results of the hydrocarbon sampling boreholes in part of
the Crosscut 1 East within the area of borehole stations 3.1 and 4 in the central part of Q1E. In Q1E only the
cores of hydrocarbon borehole RB669 as well as of packer boreholes RB695, RB696 and RB697 show larger
zones with fluorescence under ultraviolet light due to the presence of hydrocarbons.

Fig. 4.8: Part of the 3D visualisation of the hydrocarbon boreholes in the vicinity of the large condensate
patch in Crosscut 1 West. In addition to the results of the UV mapping of the hydrocarbon boreholes, this
image also shows the concentrations of hydrocarbons (C1-C40) in the samples, specified in mg/kg.
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hydrocarbons (C1-C40) only rise around the large condensate patch, giving a local peak in hydrocarbon

sampling borehole RB778 with a maximum concentration of 442 mg/kg (C1-C40).

4.4. Microscopic studies of the hydrocarbon distribution in the StaRfurt
Hauptsalz

In addition to the macroscopic analysis, thin sections and thick polished sections (gentle dry
preparation), 60 x 40 mm in size, were studied microscopically to determine their mineralogical/
petrographic composition and the fabric-microstructural related distribution of the hydrocarbons
within the Hauptsalz. The samples are stratigraphically mainly related to z2HS1 (Knduelsalz), only
a few samples were prepared from z2HS2 (“Streifensalz”). The microscopic studies of the sections
reveal that the hydrocarbons in the Hauptsalz are mainly found in intergranular micropores along the
grain boundaries of halite crystals (dendritic branched network), i.e. as intercrystalline occurrences
respectively as drop-shaped meniscuses on the surface of anhydrite crystals (Figs. 4.9A, D).

Thefluid inclusionsin the intergranular pores are frequently joined up to form dendritic fluidic networks
which are filled with brines as well as with hydrocarbons (Figs. 4.10A, B), although not continuously
joined up to one another. Larger inclusions of brines and hydrocarbons are more common around
microfractures or unconsolidated grain boundaries (Fig. 4.10C). The halite crystals themselves are
mainly clear, recrystallised and contain no fluid inclusions. Halite crystals with primary, intracrystalline
inclusions of hydrocarbons were only observed rarely in drilling station 1.2 within zZ2HS2 near to the
“Hauptanhydrit” (z3HA). In addition to intercrystalline fluid inclusions, hydrocarbons also occur within
cleavage-parallel capillaries or planes within anhydrite crystals (Figs. 4.9B, D-H), or in the interparticle
spaces of anhydrite clusters/tangles (Fig. 4.9C). Some of the hydrocarbons are also rarely present in
z2HS1 as solid bituminous residues of organic matter. Multiphase inclusions are sometimes observed in
larger cleavage-parallel capillaries in anhydrite, which, in addition to brines, also contain liquid and/or
gaseous hydrocarbons as well as rare solid bituminous organic matter (Figs. 4.9D, G).

Hypidiomorphic to idiomorphic carbonate crystals (Figs. 4.9H-K) or hypidiomorphic to idiomorphic
pyrite crystals (Figs. 4.9L, M) are occasionally observed as accessory minerals in the vicinity of anhydrite
crystals and anhydrite tangles, or intergrown with them. Carbonates (dolomite, magnesite or calcite)
as well as pyrite can be in the form of single crystals or large aggregates (0.1-1 mm) which are already

macroscopically visible in some cases within the thin sections and thick polished sections.

4.5. Mineralogical and microstructural analysis of hydrocarbon-bearing
rock salt

The macroscopic and polarisation microscopic investigations of hydrocarbon-bearing Hauptsalz

samples were supplemented by analysis with an environmental scanning electron microscope (ESEM)
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Fig. 4.9: (A) Brownish-black coloured fluid inclusions at the grain boundaries of recrystallised halite
crystals or as drop-shaped meniscuses on anhydrite crystals (An), as well as in cleavage-parallel
capillaries in anhydrite crystals (RB659, z2HS1; transmitted light, Il polarisers). (B) Idiomorphic anhydrite
crystals (An) with cleavage-parallel capillaries next to a rosette-shaped aggregate (Dol) of carbonate
(RB659; transmitted light, Il polarisers). (C) Tangle of anhydrite with bituminous residues of organic
matter (red arrow), as well as condensate filled grain interstices (yellow arrow). Grinding during sample
preparation has spread brownish hydrocarbons (Hc) over parts of the section (RB659; transmitted light,
Il polarisers). (D) Cleavage-parallel capillaries (red arrow) within an anhydrite crystal (An) showing a
concave meniscus (iridescent in red to green caused by stacking-process) and residues of organic matter
at the bottom (brownish-reddish-black) of the capillary (RB659; stacked image with z =5 um; transmitted
light, Il polarisers). (E) Edge-altered anhydrite crystal (An) with cleavage fissures (red arrow) and cleavage-
parallel capillaries of similar length partially filled with fluid (RB659; transmitted light, + polarisers). (F)
Idiomorphic, edge-altered anhydrite crystal (An) with numerous cleavage-parallel capillaries (red arrow)
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starting from the grain boundary (RB642, z2HS2; transmitted light, + polarisers). (G) Intact anhydrite
crystal (An) with cleavage-parallel capillaries (red arrow) filled with hydrocarbons (convex meniscus;
RB648, z2HS1; transmitted light, + polarisers). (H) Intergrowth of an idiomorphic carbonate crystal (Dol)
with a large crystal of anhydrite (An) from RB659 (transmitted light, + polarisers). (J) Hypidiomorphic to
idiomorphic carbonate crystals (Dol) in halite matrix near to a tangle of anhydrite (An). The crystals show
a clean central part alongside a growth margin including organic residues (RB648; transmitted light, +
polarisers). (K) Detail of an idiomorphic and porous carbonate crystal (Dol), 6 x 2 mm in size, with trapped
and edge-grown anhydrite crystals (red arrows). The gaps are filled with halite and anhydrite crystals
(RB648; transmitted light, + polarisers). (L) Idiomorphic, sharp-edged cube of pyrite (red arrow) surrounded
by altered anhydrite (An) and organic phases (RB648; transmitted light, Il polarisers). (M) 1.2 x 1 mm sized
aggregate of an idiomorphic pyrite (Py) crystal (generally pentagondodecahedra) on a grain boundary in
halite; RB656, z2HS1; transmitted light, Il polarisers).

Fig. 4.10: (A) Dendritic network of blackish to brownish (hydrocarbons) and achromatic (brine) fluid
inclusions alongside the grain boundaries of halite crystals (RB647, z2HS1; stacked image with z =400 um;
transmittedlight, ll polarisers). (B) Clear halite crystals surrounded by numerous, extensively interconnected
inclusions of brownish-black hydrocarbons and bluish iridescent brine (RB647, stacked image with z =
400 pm; transmitted light, Il polarisers). (C) Mechanical stress during sample preparation giving rise to a
cracked and strongly networked grain boundary covered with blackish to brownish hydrocarbons (RB647;
stacked image with z = 600 um; transmitted light, Il polarisers). (D) Crystals of anhydrite with streaks to
meniscus-shaped hydrocarbons (red arrows) adhering to the crystal surface (RB648; stacked image with z
=115 um; transmitted light, Il polarisers).
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andaconfocallaserscanning microscope (CLSM) to determinethe accessory minerals withinthe samples
(detected minerals in this work: e.g. carbonates as dolomite and calcite, pyrite, quartz, celestine, etc.),
as well as to characterise in more detail the spatial distribution and genesis of the organic phases.

To completely determine the mineralogical composition of the hydrocarbon-bearing rocks and any
mineral alterations or transformations which may proceeded within the rocks, two 200 g samples from
z2HS1 in boreholes RB648 and RB659 (near the condensate patch) were completely dissolved in bi-
distilled water. The exemplary samples also served for testing the solution process and its influence
on the accessory minerals (especially carbonate and pyrite) in order to gain unaltered mineral grains
for isotopic analysis of carbonate and pyrite in terms of the discussion of a passed thermochemical
sulphate reduction (TSR). The insoluble/poorly soluble components were filtered off and analysed
in ESEM to identify the minerals and to search for traces of dissolution on their surfaces. In addition
to small authigenic quartz crystals (main grain component), clay minerals and a few other insoluble

minerals mentioned below in more detail, the samples also contained hypidiomorphic to idiomorphic

Fig. 4.11: (A) Idiomorphic crystal of pyrite (pentagondodecahedra) with intact and smooth crystal faces
as well as sharp crystal edges (RB659). (B) Aggregate of carbonate consisting of intact idiomorphic
crystals of dolomite (RB659). (C) Large aggregate of carbonate consisting of hypidiomorphic dolomite
crystals, partially fractured and loosely intergrown with trapped idiomorphic crystals of cubic pyrite
and aggregates of pyrite (white subjects, marked with red arrows; RB648). (D) Crystal of anhydrite with
recognisable openings to single cleavage-parallel capillaries on the surface of the crystal (RB648).
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and some xenomorphic carbonate crystals (Figs. 4.11B, C), as well as pyrite crystals (Fig. 4.11A) and
aggregates. The carbonate as well as the pyrite crystals showed no identifiable solution traces as a
result of the dissolution of the rock salt so that they can be used for isotopic analysis. EDX analysis
revealed that most of the carbonates contained in the residues are dolomite or magnesite, and that the
samples also contained a small portion of pure calcite crystals or magnesium-rich calcite.
Carbonatesare presentaseitheridiomorphicsingle crystals or as aggregates with well-developed crystal
surfaces (Fig. 4.11B). The crystal surfaces are usually smooth to slightly porous or locally perforated as a
result of the dissolved formerly adhering halite and anhydrite crystals. Hypidiomorphic to idiomorphic
quartz and pyrite crystals are sometimes observed which are intergrown with the carbonate aggregates
(Fig. 4.11C).
Pyrite is mainly observed in the form of intact single crystals frequently forming pentagondodecahedra
(Fig.4.11A), as well as cubes or cubo-octahedra. Intergrowths of several pyrite crystals to form mm-sized
aggregates, or with sphalerite, were also observed. Other accessory minerals confirmed by the ESEM
analysis are idiomorphic quartz, celestine and sphalerite as well as rare potassium-feldspar, fluorite,
talc and galenite. Some of the rock fragments not used in the dissolution experiments contained
anhydrite crystals whose surfaces showed the openings to the cleavage-parallel capillaries (Fig. 4.9D),
occasionally occurring in Hauptsalz samples.
Additionally, investigations
of the  microscopic to
submicroscopic distribution of
the hydrocarbons contained in
the Hauptsalz were carried out
using the CLSM on uncovered

samples of a thick section
Table 4.1: Excitation wavelengths (AOTF), range of detection and colour taken  from  hydrocarbon

coding of the lasers used for the CLSM analysis. borehole RB652 (Q1W). In a first

test run, the data was recorded,
evaluated and visualised using the LAS AF software from Leica Microsystems. Three different lasers were
used to excite the samples and reveal the potential differences in the chemical composition and spatial
distribution of the hydrocarbons they contained.
The excitation wavelengths (AOTF) of the lasers in the CLSM, the associated detection range and the
colour coding are shown in Table 1.
The CLSM results confirm the core observations as well as the polarisation microscope analysis
because it shows that the hydrocarbons within the evaporites are largely present in the form of
intercrystalline fluid inclusions bound to the grain boundaries of halite and anhydrite crystals. The

hydrocarbons observed by CLSM lie on the grain boundaries either in the form of isolated drops or
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as dendritic to spatially interlinked structures (Fig. 4.12A). The halite-halite grain boundaries highlight
the heterogeneous distribution of hydrocarbons with different compositions shown in different colours
in the CLSM photographs. The intensity and colour of emitted fluorescence varies depending on the

wavelength used for excitation and composition of hydrocarbons.

Fig. 4.12: (A) The hydrocarbons on the grain boundaries of the halite crystals show different fluorescence
depending on their chemical composition and the laser type (associated colour code: see Table 1). The
differences can also be seen in the combined image (bottom right) of all three lasers (RB652, z2HS1). Image
size: 246.03 x 246.03 um; z-penetration depth: 80.99 um. (B) Intact and slightly edge-altered anhydrite
crystal with cleavage-parallel capillaries (RB652; combined image of all wavelengths: bottom right).
Image size: 235.86 x 235.86 um; z-penetration depth: 20.14 um. (C) Enlarged part of the combined image
of Fig. 12B (bottom right). The anhydrite crystal has several cleavage-parallel capillaries extending
inwards from the edge of the crystal and filled with hydrocarbons of different compositions (length of
the capillaries: 300 nm to 3 um; diameter 1-30 um). Image size: 235.86 x 235.86 um; z-penetration depth:
20.14 um. (D) Anhydrite cluster (RB652, combined image of all three lasers) with hydrocarbons of different
compositions that stick to the surface of the anhydrite crystals and occur in meniscus shapes, linear on
cleavage surfaces or pseudo-intercrystalline in capillaries. The capillaries are filled with different fillings
(liquid/gaseous hydrocarbons; red arrow in image centre). Image size: 246.03 x 246.03 um; z-penetration
depth: 30.21 ym.
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As shown by the changing distribution of fluorescence colours, which are dependent on the excitation
wavelengths, the chemical composition of the hydrocarbons within the samples changes even over
extremely short distances. The hydrocarbons observed along the halite-anhydrite grain boundaries
or within anhydrite clusters are usually visible in the form of meniscuses or streaks on the surface of
anhydrite crystals or within the capillaries located along the cleavage of the anhydrite crystals (Figs.
4.12B-D). Under CLSM, there were also occasional observations of capillaries within the anhydrite
crystals containing multi-phase fluid inclusions (cf. Figs. 4.9D, G). Although it was only possible to
identify capillaries with lengths of up to 100 um and diameters of 5 um using polarisation microscopic
techniques, CLSM enabled capillaries to be observed with lengths between 300 nm to 3 um and
diameters of 1-30 um. This allows identifying occurrences and differences in hydrocarbon contentin a

sub-microscopic scale.
4.6. Conclusions

The results of the investigations on fresh cores from Crosscut 1 West and Crosscut 1 East indicate a
very heterogeneous distribution of hydrocarbons. They usually occur in very low concentrations of less
than 1 mg/kg (C1-C40) in the Gorleben Hauptsalz (z2HS) located in EB1 at the 840 m level. Most of
the occurrences as well as the highest concentration of total hydrocarbons (C1-C40) are located in the
oldest part of the Hauptsalz, the Knauelsalz, in the central anticline of the Gorleben salt dome. The
aromatic to long-chain hydrocarbons visible under UV light occur in recrystallised halite rocks and in
thin anhydrite or anhydrite-rich halite layers in form of streaks, clouds, islands, clasts, and occasionally
also as dissipated or ragged and interrupted layers in the Hauptsalz. Hydrocarbons observed under
artificial and UV light on the walls and roof of some drifts locally occur in excavation damaged zones
and spread under gravitational influence to cover large surfaces of the drift giving the impression of an
apparently large occurrence.

The occurrences of hydrocarbons are limited to intergranular pores or micropores within the rock salt
as well as within the capillaries in anhydrite crystals. Although intergranular inclusions form small
dendritic branched fluid networks, the individual networks are not interconnected over areas exceeding
several crystals. The formation and genesis of the carbonates and sulphides found within the samples
is still the subject of continuing research, including isotopic geochemical analysis. Further detailed
information about hydrocarbon content of Gorleben Knduelsalz is described in Hammer et al. (2012,
2013).
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Hydrocarbonsinrocksaltofthe Gorleben saltdome-amount,distribution,
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Abstract:

Investigations are focusing on the macro-/microstructural distribution and origin of hydrocarbons as
well as on the geomechanical behaviour of hydrocarbon-bearing rock salt of the “Hauptsalz” (z2HS,
Stalfurt unit, Zechstein, Upper Permian) in the Gorleben salt dome. Studies of core samples and
exposures reveal a heterogeneous distribution of hydrocarbons. They appear mostly in form of streaks,
dispersed clouds, clusters and islands. Microscopic studies and computed tomography suggest that
hydrocarbons are located 1) along grain boundaries of halite and/or anhydrite crystals, 2) in newly
formed artificial microcracks due to drilling and preparation, 3) in microcapillary tubes of anhydrite
crystals and 4) rarely in micro-porous parts of the Hauptsalz. Analyses of biomarkers point to the
Stalfurt carbonate (z2SK) as source rocks of most hydrocarbons. Creep tests suggest that the content
of hydrocarbons determined in the Hauptsalz (up to several hundreds ppm) is too low in order to affect

the geomechanical behaviour of the rock salt.

In: Roberts, L., Mellegard, K., Hansen, F. (Eds.). The Mechanical Behavior of Salt VIII, Taylor & Francis
Group, London, 69-75. DOI: 10.1201/b18393-10.

*N. Thiemeyer conducted the X-ray CT scans of hydrocarbon-bearing and hydrocarbon-free rock salt

samples and visualized the 3D distribution patterns of pore space.
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5.1. Introduction

Rock salt formations and salt diapirs in particular are well known for their barrier properties and
isolation capability to segregate hazardous waste (chemical-toxic and radioactive) permanently away
from the biosphere.

To demonstrate the long-term safety of waste dis-posals in salt rocks, the influence of all relevant
parameters and processes on the geomechanic and hydraulic integrity of salt barrier has to be
considered. In this context, the distribution and content of hydrocarbons as well as the geomechanical
behaviour of hydrocarbon-bearing StalRfurt Hauptsalz (main rock salt, z2HS, Staf3furt unit, Zechstein,
Upper Permian) in the Gorleben salt dome were studied. The investigations were conducted from
March 2011 to November 2012 as part of the further geological exploration of the salt dome to clarify
the suitability of the salt dome for disposal of heat generating radioactive waste. The studies continued
investigations of Gerling & Faber (2001) and Gerling et al. (2002).

Hydrocarbons are natural constituents of most sedimentary rocks and are also present in salt formations
(e. g. Loffler & Schulze 1962, Tissot & Welte 1984, Popp et al., 2002, Siemann 2007, Bornemann et al.,
2008). In evaporitic rocks, hydrocarbons are common as autochthonous constituents with minor
quantities, derived from biomass remains, with very low concentrations usually in the ppb range
(Gerling et al., 1991).

In addition to these autochthonous hydrocarbons, most salt formations also contain hydrocarbons,
which originated from the calcareous-argillaceous sediments in the underlying rocks. Because of the
low permeability of halitic rocks under lithostatic pressure, hydrocarbons can only migrate into and
inside evaporites if open fractures are present. Such (temporarily) open fractures may result from
halotectonic processes during the salt rise. These hydrocarbons are then trapped within the salt rocks
as a result of deformation-related and healing processes. Subsequently, the hydrocarbons are dragged

along or relocated within the salt structure during the further upward salt movement and salt creep.
5.2. Sampling and analytical methods

2.1. Sampling

In order to get fresh and representative samples beyond the EDZ (excavation damaged zone) for
mineralogical-geochemical, microscopic and geomechanical studies of hydrocarbon-bearing salt rocks,
45 boreholes have been drilled at the 840 m level of the Gorleben exploration mine. The boreholes
have been air drilled and arranged in nearly equal distances (depending on the mine infrastructure)
alongside crosscut 1 West (each 6 m long) and crosscut 1 East (each 9 m long). Cores from the
hydrocarbon sampling boreholes were completely mapped under UV light (A = 254 nm). The results

were documented and visualized in the geological 3D model of the Gorleben salt dome (Hammer et al.,
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2012,2013, Pusch et al., 2014).

5.2.2. Geochemical, microscopic and tomographic analyses

To study the concentration, composition, distribution and origin of hydrocarbons in the Gorleben
Hauptsalz, organic geochemical, microscopic and tomographic analyses were performed.

For organic geochemical analyses, a total of 210 core samples were dissolved in deionised and degased
water immediately after the drilling. Hydrocarbon concentrations for the boiling range of C1 - C40 were
quantified with different chromatographic analysis methods (Fast-RGA, HS-GC-FID and GC-FID; see
Hammer et al., 2012).

To improve knowledge about the origin of hydrocarbons detected in the Gorleben Hauptsalz, organic
geochemical analyses of potential source rocks were performed. For this purpose, core samples from 1)
StaRfurt carbonate (z2SK), 2) calcareous-argillaceous rocks of the Werra unit (z1) and 3) Upper Permian
copper shale of the borehole “Gorleben Z1” were analyzed and compared with hydrocarbon signatures
in z2HS.

Additionally, polarisation and fluorescence microscopy as well as confocal laser scanning micros-copy
(CLSM) were performed. To reveal the microscopic to submicroscopic distribution of the hydrocarbons
CLSM (Leica) was carried out on uncovered thick sections. Three different lasers of different wavelength
were used to evaluate the potential differences in the chemical composition and spatial distribution of
the hydrocarbons.

The non-destructive computed tomography (CT) yields robust quantitative data for the porosity of salt
rocksandfor3Dreconstructionsofthedistributionand shape of poresinrocksalt (Thiemeyeretal.,2014).
The 3D reconstructions can expose spatial distribution anisotropies, amounts, connections and shapes
of any visible portion of a scan volume depending on the designated scale. Computed tomography
studies were carried out using a Phoenix nanotom s (GE Sensing and Inspection Technologies) equipped
with a XS 180 NF tube and a Hamamatsu detector at the Goethe University Frankfurt am Main. The

spatial resolution of the obtained data has a major impact on the type of porosity that can be quantified.
5.3. Results

5.3.1. Macroscopic distribution of hydrocarbons

Most excavations and exploration boreholes at the Gorleben exploration mine do not show any
macroscopic indications or traces of hydrocarbons (Bornemann et al., 2008). Furthermore, using
transmitted and reflected artificial light, cores of hydrocarbon-bearing rock salt rarely show any
macroscopic indication for the presence of hydrocarbons.

Relatively rare hydrocarbons in the underground workings occur as dark, light brown, beige-yellowish

or olive patches on the walls or roofs. The outflowing hydrocarbons spread out under the force of
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gravity to cover large areas over the surface of the rocks around the real outflow point. The distribution

of hydrocarbons in excavations and drill cores was mapped using ultraviolet light (A =254 nm), where

aromatic components of hydrocarbons fluoresce. Under UV light, the hydrocarbon patches do not
represent large continuously outflowing occurrences, but rather small locally isolated outflows of

hydrocarbons from the rocks into the drifts for a limited period of time (Fig. 5.1).

Most of the occurrences as well as the highest concentrations of total hydrocarbons (C1-C40) are
located in the oldest part of
the Hauptsalz, the Knauelsalz
(z2HS1), in the central z2
anticline of the Gorleben salt
dome. Rarely occurrences of
hydrocarbons were found as
thin hydrocarbon-bearing layers
subparallel to anhydrite layers in
stratigraphically upper parts of
the Gorleben Hauptsalz, in the
Kristallbrockensalz (z2HS3).

Fig. 5.1: Large condensate patch in crosscut 1 West at ultraviolet
light (eastern wall, 840 m level). The patch represents many small,
isolated outflows of hydrocarbons from Stal3furt Hauptsalz.

Investigations of core samples and underground exposures at ultraviolet light, however, reveal a
heterogeneous distribution (variations in size and shape) of hydrocarbons. The core segments of
the hydrocarbon sampling boreholes document a multiple interrupted, streaky distribution of the
hydrocarbons. Most of the hydrocarbons are present in form of intersected streaks, dispersed clouds,
isolated clusters, islands and clasts. As a result of the uprise of salt during the halokinesis and the
involved salt tectonic processes, the original structure of Knduelsalz (z2HS1) and of the included
hydrocarbon enriched zones have been destroyed. Therefore, it is nearly impossible to correlate the
hydrocarbon bearing zones in the boreholes among each other. In combination with results of packer
tests in special boreholes (Hammer et al., 2012, 2013), the individual hydrocarbon occurrences seem to
be isolated from each other, even if the distance between boreholes is only 20-30 cm.

Macroscopic analyses of cores at ultraviolet light revealed that the (aromatic) hydrocarbons of the
Staf¥furt Hauptsalz are mainly located along the grain boundaries of halite and/or anhydrite crystals,
and are therefore bound to intercrystalline spaces. Intracrystalline hydrocarbons were rarely and very

locally found in the Gorleben Hauptsalz.
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5.3.2. Microscopic studies of hydrocarbon
distribution

In addition to the macroscopic analyses, thin and
thick sections were studied using transmitted
light microscopy to determine their mineralogical
composition and the fabric-microstructural related
distribution of the hydrocarbons within the Hauptsalz.
The samples show a manifold inventory of fluid
inclusions preserved as bubbles, stripes, branching
networks, vermicular lines and locally developed
fluid films (Fig. 5.2). They mainly occur at halite grain
boundaries and along boundaries between halite and
anhydrite. Additionally, anhydrite clusters show clear
assemblages of fluid phases due to the high surface
area.

The microscopic studies of the core sections reveal ] ) )
Fig. 5.2: Hydrocarbons and brines at grain

boundaries of halite crystals (parallel
intergranular micropores along the grain boundaries  pofarisers, “Knéuelsalz’, z2HS1).

hydrocarbons in the Hauptsalz mainly distributed in

of halite crystals (partly dendritic branched network),

i.e. as intercrystalline occurrences, respectively as drop-shaped meniscuses on the surface of anhydrite
crystals. Larger inclusions of brines and hydrocarbons are more common around microfractures or
unconsolidated grain boundaries. The halite crystals themselves are mainly clear. Halite crystals with
primary, intracrystalline inclusions of hydrocarbons were only rarely observed.

In addition to intercrystalline fluid inclusions, hydrocarbons also occur within cleavage-parallel
capillaries or planes within anhydrite crystals (Fig. 5.3), or in the interspaces of anhydrite clusters/
tangles. Multiphase inclusions were sometimes present in larger cleavage-parallel capillaries in
anhydrite, which, in addition to brines, also contain liquid and/or gaseous hydrocarbons as well as rare

solid bituminous organic matter.

5.3.3. Confocal laser scanning microscope (CLSM)

The polarisation microscopic investigations of hydrocarbon bearing Hauptsalz samples were
supplemented by analyses with a confocal laser scanning microscope (CLSM) to characterize the spatial
distribution of the hydrocarbons in more detail.

The CLSM results confirm the core observations as well as the microscopic data showing the

hydrocarbons within the evaporites being present in form of intercrystalline fluid inclusions restricted
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to the grain boundaries of halite and anhydrite
crystals (Pusch et al., 2014). The hydrocarbons
observed by CLSM are situated along the grain
boundaries either as isolated drops and bubbles
or as dendritic to spatially interlinked structures
(partly as fluid channels). The halite-halite
grain boundaries highlight the heterogeneous
distribution of hydrocarbons with different
compositions shown in different colours in the
CLSM photographs (Fig. 5.4).

As shown by the changing distribution of

fluorescence colours, which are dependent
Fig. 5.3: Hydrocarbons in cleavage-parallel
capillaries within an anhydrite crystal (parallel

polarisers, “Knduelsalz’, zZ2HS1).

on the excitation wavelengths, the chemical
composition of the hydrocarbons within the
samples changes even over extremely short
distances. The meniscuses or streaks on the surface of anhydrite crystals or within the capillaries
located along the cleavage of the anhydrite crystals. Under CLSM, occasional capillaries within the
anhydrite crystals contain multi-phase fluid inclusions (Fig. 5.4). Polarisation microscopy revealed
capillaries with lengths of up to 100 um and diameters of 5 um. By using CLSM, the resolution increases,
so capillaries with lengths between 300 nm to 3 um and diameters of 1-30 um can be detected. This
allows identifying occurrences and differences in

hydrocarbon content on a submicroscopic scale.

5.3.4. Computed tomography

(CT)
distribution of fluid

Computed tomography was applied
to visualize the spatial
accumulations and to quantify the porosity of
rock salt core samples (Thiemeyer et al., 2014). In
combination with 3D visualization software, any
structures distinguishable by density contrasts can
be visualized and quantified.

The 3D reconstructions reveal the distribution and

shape of porous zones in the Hauptsalz samples.
The calculated porosities have been acquired
by two different digital techniques, presented

in Thiemeyer et al. (2014). The volume renderer

Fig. 5.4: Visualization of hydrocarbons (light) in
cleavage-parallel capillaries within an anhydrite
crystal. Image generated using confocal laser
scanning microscope (“Knduelsalz’, z2HS1).
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projections (Fig. 5.5, left) show every pore space in the same intensity, whereby some domains are
hidden by others. This projection helps to identify every smallest pore space existing within the data
sets. The sum along projection (Fig. 5.5, right) visualizes the thickness of portions by adding the number
of portions in the line of sight. This projection is comparable to a density plot. The more portions occur
in the line of sight, the brighter the volume will appear, illustrating the three-dimensional distribution
as an accentuation of voluminous particles.

The highest porosity of all samples

analyzed by non-destructive CT

imaging in the present study is 1.26

vol.-% (in a rock salt sample with a

hydrocarbon content of ca. 400 mg/

kg), whereas the hydrocarbon-free

samples show a maximum (mostly

artificial) porosity of 0.22 vol.-%.

Pores are particularly common

along grain boundaries and healed

microfractures. In exceptional cases,

pores reach up to 7 mm in size.

The porosity values achieved by the

3D reconstructions with VGStudioMAX

are slightly higher than those acquired

by the ImageJ method. Estimating the . .
y g & Fig. 5.5: 3D reconstructions of the spatial pore space

distributions in a sample with macroscopic visible pores (A, top)
because of the lack of alternative andinasample with planar distribution of porosity (B, below),
porosity measurements upon our illustrated by two different projection techniques (“Knduelsalz’,
Z2HS1).

error of CT quantifications is difficult

samples.
Theextracted regions ofinterest (ROIs) of three samples with macroscopic visible pores show distribution
patterns of pore space approximately following the foliation of the rock salt. So, sample RB685.004_CT
mainly consists of numerous smaller isolated and few major volumes up to several mm3. The latter
are generally rounded, elongated and partially interconnected. Pore space along partly fractured grain
boundaries is formed as vesicular patches along one plane. In contrast to some major volumes, most of
the extracted particles are not interconnected and appear isolated. However, the exact shape, especially
of small volumes, has to be questioned in terms of scan resolution and extraction mode.

The locally increased porosity is an exceptional case of the Gorleben Hauptsalz and presumed to be a
remnant of the strong deformation of the hydrocarbon-bearing salt rocks during the salt uprise. The

presence of hydrocarbons may be responsible for an incomplete closure and hence a preservation
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of these pore structures, which are completely missing in hydrocarbon-free salt rocks. The elevated
porosity in naturally deformed rock salt is restricted to hydrocarbon occurrences, which hamper the

sealing of open cracks and dilated grain boundaries.

5.3.5. Organic geochemical studies

The quantification of hydrocarbons (C1 to C40) for 210 Hauptsalz samples taken in 2011 and 2012 reveal

a background concentration of <1 mg/kg . .64% of the samples have a hydrocarbon content <1 mg/

rock”
kg (i.e. 1 ppm or 0.0001 wt.-%). 70 samples show concentrations between 1 and 50 mg/kg (average 2.66
mg/kg). 5 samples show outlier values up to 443 mg/kg (0.0443 wt.-%, Fig. 5.6, Hammer et al., 2012,
2013).
Avisualization of the spatial distribution
of hydrocarbon concentrations in
adjacent boreholes of crosscut 1 West
shows the sum C1-C40 for the samples
taken from depth zone 4.5 m to 6.0 m at
identical depths over all cores (Fig. 5.7,
formoredetailsandresults,see Hammer
et al., 2012). The visualization confirms
the very heterogeneous distribution
of hy-drocarbons. The geochemical
results show a natural hydrocarbon
Fig. 5.6: Hydrocarbon content in Gorleben StaRfurt-Hauptsalz.  background for the Hauptsalz (22HS) in
Samples were taken from crosscut 1 West (Gor Q1W) and  crosscuts 1 West and 1 East of < 1 mg/
crosscut 1 East (Gor QIE). kg (C1- C40). The overall concentrations
of hydrocarbons only rise around the large condensate patch (Fig. 5.1), giving a local peak in borehole
02YEQO2RB778 with a maximum concentration of 443 mg/kg (Fig. 5.7).
Analyses of biomarkers (esp. triterpenoid biomarkers) detected in the hydrocarbon mixtures from liquid
hydrocarbon occurrences in the Hauptsalz and in nearby potential source rocks (samples were taken
from borehole Gorleben Z1), point to the StaRfurt carbonate (z2SK) as source rocks of most or all of
the hydrocarbons. The molecular composition of oil in the Gorleben Hauptsalz is significantly different
from the extracts of rocks of the Werra unit and of the Upper Permian copper shale, but is consistent

with an origin from the organic material in the StaRfurt carbonate (Fig. 5.8).

5.3.6. Laboratory geomechanical tests

To study the influence of the hydrocarbons on creeping and dilatancy of Gorleben Hauptsalz,

experimental creep tests were carried out in BGR laboratories. In addition to uniaxial and triaxial tests
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Fig. 5.7: Hydrocarbon content (mg/kg) and Fig. 5.8: Molecular parameters of selected
distribution in adjacent drillings in Gorleben hydrocarbon biomarkers of oils in the Gorleben
Stalfurt Hauptsalz (crosscut 1 West). Hauptsalz (the hatched areas) and potential
source rocks (Stal3furt carbonate and copper shale
are indicated) in the Gorleben Z1 borehole.
carried out during the late 1990s (see Schulze 2002, Hunsche et al. 2003, Hammer et al. 2012), new triaxial
creep tests at differential stresses of 20 MPa, T = 30 °C and varying confining pressures were carried
out to test the influence of hydrocarbons on the beginning of dilatancy. Additionally, the influence of
varying temperatures (up to 180 °C) at differential stresses of 20 MPa on creeping and thermal expansion
of Gorleben Hauptsalz were studied in triaxial tests (Schulze 2013).
The experiments demonstrate the lack of any significant influence of hydrocarbons on the creeping or
dilatancy of Gorleben Hauptsalz. The position of the dilatancy curve for hydrocarbon-bearing Hauptsalz
samples do not change compared to results of Cristescu & Hunsche (1998). After heating experiments at
in-situ pressures, no indications of gas fracturing in microstructures could be observed.
Neither the experimental data nor the microscopic studies show any impact of hydrocarbons on the

mechanical and hydraulic integrity of the salt barrier in the Gorleben salt dome.
5.4. Summary & Conclusions

Thedistribution ofhydrocarbonswithinasaltdomedependsonthestructural-halotectonicdevelopment
of the salt structure and its lithological composition. Investigations of rock salt of the Gorleben salt
dome using ultraviolet light suggest the distribution of fluorescing aromatic hydrocarbons to be very
heterogeneous. Isolated, irregular streaks, clusters, clouds and occasionally also dissipated or ragged
and interrupted layers of strongly deformed hydrocarbon bearing rock salt are largely restricted to high-
strain domains of the Hauptsalz.

Occurrences of hydrocarbons observed at artificial and UV light on the walls and roof of single drifts
show that hydrocarbons spread out under gravitational influence. Thus, large patches of hydrocarbons

occur, which suggest large domains of hydrocarbons. However, these patches do not represent large,
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continuously outflowing occurrences, but rather small, locally isolated outflows of hydrocarbons from
the rocks into the drifts for a limited period of time.

Thin and thick sections show that hydrocarbons are present as black to brownish fluid inclusions 1)
along the grain boundaries of halite; 2) on the surfaces and knuckles or inside microcapillary tubes of
anhydrite crystals and anhydrite clusters; 3) in newly formed micro cracks due to drilling or preparation;
or 4) very rarely, in micro-porous parts of the Hauptsalz. The occurrences of hydrocarbons are limited
to intergranular pores or micropores. Intracrystalline hydrocarbon inclusions were rarely observed.
Although intergranular inclusions form small dendritic fluid networks (partly fluid channels), the
individual networks are not interconnected over areas exceeding several crystals.

The hydrocarbons usually occurin very low concentrations of less than 1 mg/kg (C1-C40). The Hauptsalz
samples with relatively high hydrocarbon concentrations (443 mg/kg as maximum) show enhanced
porosities up to 1.26 vol.-%, which is an unusual attribute for Gorleben rock salt. In the Gorleben
Hauptsalz, elevated porosities are present only in very few hydrocarbon-bearing rock salt samples,
whereas hydrocarbon-free samples are usually characterized by very low porosities und fluid content,
which is related to the well-known healing mechanisms of rock salt.

A correlation between hydrocarbon content of samples and their partly elevated porosity indicates
that hydrocarbons were responsible for a hampered closure/healing of pore space in deformed halite
rocks, which is completely missing in hydrocarbon-free salt rocks. The pore space was mostly generated
and incorporated during the polyphasen, halotectonic deformation of salt rocks. Hydrocarbons could
inhibit water-halite interaction by coating the solution surfaces as observed by CT studies on Asse rock
salt (Zulauf et al., 2010).

The hydrocarbons are mostly autochthonous Zechstein products from thermal alteration of the organic
matter of the StaRfurt carbonate (z2SK; see also Gerling et al., 2002, Bornemann et al., 2008). In early
phases of halotectonic salt uprise, temporarily elevated permeability could have been caused by uprise-
related deformation and accompanied by a release of brines and hydrocarbons from the Stalfurt
carbonate (z2SK) into the overlaying Hauptsalz, which was subsequently deformed and reworked.

The total amount of hydrocarbons within the Gorleben Hauptsalz samples is generally low (< 0.05 wt.-
%) and not applicable to hydrocarbon-induced fracturing described by Burliga & Czechowski (2010).
Based on studies of fault related hydrocarbon occurrences in the Klodawa salt structure (Poland), they
emphasize gas and liquid phases to be responsible for the formation and unsealing of shear fractures
for longer periods of time.

The geomechanical behaviour of Hauptsalz samples is not significantly affected by the low content of

hydrocarbons in the hundred ppm range as maximum.
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Abstract

Computed tomography (CT) was applied to visualise and to quantify the porosity of hydrocarbon-
bearing and hydrocarbon-free Stal¥furt rock salt (z2HS) drill cores collected from the Gorleben salt
dome. This technique reveals the spatial distribution of porosity and possible fluid accumulations
at different scales. Porosity was quantified by calculating greyscale portions of the CT data sets and
by virtual extraction and three-dimensional reconstruction of the pore space. The non-destructive
CT imaging determines a maximum porosity of 1.26 Vol.-% in a rock salt sample with relatively high
hydrocarbon content of several hundred ppm. A locally elevated porosity within some drill cores is an
unusual attribute for the Gorleben rock salt and presumed to be a remnant of the strong deformation
of the hydrocarbon-bearing salt rocks and specific conditions of healing during the salt uprise.
Microstructural investigations of epoxy resin-impregnated samples allowed detailed observations
regarding the pore space characteristics. Pores are particularly common along grain boundaries and
healed microfractures. In exceptional cases, pores reach up to 7 mm in size. Our observations imply
that the presence of hydrocarbons may be responsible for a hampered closure and a preserving of pore

structures, which are completely missing in hydrocarbon-free salt rocks.
Keywords: Gorleben, rock salt, CT imaging, porosity, hydrocarbons, fluids
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6.1. Introduction

Rock salt is well known for its good barrier properties, particularly the low permeability and the low
porosity as well as creeping and healing capacities (Sutherland & Cave 1980, Peach 1991, Stormont &
Daemen 1992, De Las Cuevas 1997, Stormont 1997, Popp et al. 2007, Bornemann et al. 2008, Brauer et
al. 2011, Popp et al. 2012). As rock salt is almost impermeable for gases and fluids, it is regarded as a
suitable medium for nuclear waste repositories.

The permeability of rock salt depends in a complex way on porosity, pore size and pore structure
(Spangenberg et al. 1998). Bulk porosity for both naturally deformed and synthetic rock salt is reported
to be mostly <1 % (Peach 1991, Stormont & Daemen 1992, Stormont 1997). The pores are usually filled
with brine or gases (Stormont 1997). De las Cuevas (1997) defined a primary porosity, which means the
void structure left after deposition of the rock salt, and a secondary porosity, which means tectonically-
or man-induced porosity by fracturing. Stormont (1997) describes permeability and porosity occurring
as a result of dilation and sliding along grain boundaries. Initial pathways usually develop along grain
boundaries and subsequently along axial intragranular tensile cracks (Stormont & Daemen 1992, Chen
et al. 2012). Higher porosities can evolve due to impurities, such as anhydrite or clay minerals (Peach
1991, De las Cuevas 1997), in exceptional cases in synthetic, re-compacted rock salt samples deriving
from crushed salt (Salzer et al. 2007) or due to artificial fracturing during sampling (Stormont & Daemen
1992). Deformation has been suggested to substantially influence the porosity in rock salt. By exceeding
the dilatancy boundary subsequent microcracking can increase the porosity (Schulze et al. 2001). In the
brittle structural level, an increase of the axial strain causes an increase of the porosity and permeability.
The confining pressure plays a significant role for porosity and permeability of rock salt (Peach et al.
2001). The higher the confining pressure, the more difficult is the initiation and opening of fractures. In
this relation Stormont & Daemen (1992) demonstrate that high confining pressures will cause a slower
increase of porosity and permeability during deformation than at lower confining pressure conditions.
Generally, the mechanical properties of rock salt (creeping) prevent the conservation of open fractures
and pathways (Popp et al. 2007). The ability for self-healing (Stormont & Daemen 1992, Schulze et al.
2001) leads by time to a closure of previously open pathways because of the high ductility of halite
(Schulze et al. 2001). The permanent healing reduces the porosity and permeability. It is irreversible and
related to plastic flow along grain boundaries (Stormont & Damen 1992). The consolidation of rock salt
at hydrostatic pressure counteracts crack propagation and reduces porosity and permeability, including
solution, re-precipitation and recrystallization (Schulze 2007).

The permeability of undisturbed rock salt is approximately 10 m? (Sutherland & Cave 1980, Stormont
& Daemen 1992, Stormont 1997, De las Cuevas 1997, Alkan 2009). Furthermore, low (gas) permeability
can be caused either by substantial capillary pressure of brine or disconnection of the pore volume

(Stormont 1997). A re-established integrity of hydrocarbon-impregnated parts of the Gorleben
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Knduelsalz (z2HS1) is proven by their low permeability in the range of 102 m?to 10° m? (Hammer et al.
2012).

At certain pressure and temperature conditions rock salt loses its sealing capacity as reported by
Schoenherr et al. (2007), which is an explanation for hydrocarbons migrating into salt layers at higher
depths. As soon as the fluid pressure of reservoirs exceeds the minimal principal stress and the capillary

pressure of the surrounding rock (Pfluid > o, + P ) the sealing capacity of rock salt is disturbed

capillary
and fluid (or hydrocarbon) migration can be enhanced (Schoenherr et al. 2007, Burliga & Czechowski
2010). Therefore, an elevated porosity in naturally deformed rock salt can be related to hydrocarbon
occurrences, which hamper the sealing of cracks and dilated grain boundaries in combination with high

fluid pressures (Burliga & Czechowski 2010, Schoenherr et al. 2007).

One accurate and comfortable technique to quantify and visualise pore structures or structural
inventories of any solid material without destructing the sample is computed tomography (CT).
Nowadays, this technique provides new possibilities, especially in visualisation, for progressive
research in the oil industry or in material science. So far, the technique is gradually being established in
geoscience (see Mees et al. 2003 and references therein, Fusseis et al. 2009). A field of intensive use of CT
techniques are sediment core analyses (Rothwell & Rack 2006) in order to characterise fracture patterns
or distribution of mineral parageneses.

In contrast, CT studies of rock salt are rare (e.g. Zulauf et al. 2009, 2012, Burliga & Czechowski 2010,
Mertineit et al. 2012). In order to visualise and quantify porosity, this technique has been proved as
useful method and was applied by Burliga & Czechowski (2010), who analysed hydrocarbon-bearing
zones in the Klodawa Salt Structure (Poland). Thus, in combination with 3D visualisation software, any
structures distinguishable by density contrasts can be visualised and quantified. So far, CT imaging

offers the possibility to analyse three-dimensional patterns in rock salt at different scales.

The aim of the present study is to visualise, characterise and quantify the geometry and spatial
distribution of gas and fluid-filled pore space in Stalfurt rock salt of Gorleben salt dome using computed

tomography and microstructural investigations.
6.2. Samples and methodology

6.2.1. Samples

The Knduelsalz (z2HS1) is the lowermost and oldest part of the initial up to 800 m thick Hauptsalz unit
of the Stal¥furt-Folge (z2HS), which forms the central part of the Gorleben salt dome up to the depth of
ca. 3000 m (Bornemann et al. 2008). The Knauelsalz consists of middle to coarse grained rock salt with

relatively rare anhydrite impurities forming characteristic scattered anhydrite nodules and clusters (up
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to 8 Vol.-%; Bornemann et al. 2008). We investigated five rock salt samples from cores of exploration
bore holes in Querschlag 1 West in the first exploration area (EB1) at the 840 m level. Three samples
(RB685.004_CT, RB686.005_CT and RB687.005_CT; Tab. 6.1) are macroscopically characterised by
pores and microcavities up to 7 mm in size as an exceptional characteristic for hydrocarbon-bearing
Knduelsalz samples, which is generally characterised by low water content and low permeability
(Bornemann et al. 2008, Hammer et al. 2012). The samples with macroscopic visible pores originate
from drill cores of ca. 32 mm in diameter and contain a relatively high (several hundred ppm) amount
of hydrocarbons, which are mostly autochthonous Zechstein products from thermal alteration of the
organic matter of the Stalfurt-Karbonat (z2SK; Gerling et al. 2002, Bornemann et al. 2008). They are
assumed to have migrated from the subjacent Zechstein carbonates during the early halokinetic uprise.
Their heterogeneous distribution in Gorleben salt dome is the subject of current research (Hammer
et al. 2012). Two samples of Knduelsalz (RB652.015_CT and RB657.008_CT; Tab. 6.1) are regarded as
reference samples of low porosity and without any macroscopic visible pores which were collected

from drill cores of 72 mm in diameter.

6.2.2. CT imaging

Computed tomography studies were carried out using a Phoenix nanotom s (GE Sensing and Inspection
Technologies) equipped with a XS 180 NF tube and a Hamamatsu detector at the Goethe University of
Frankfurt am Main. CT imaging was performed on non-impregnated samples before further preparation.
Thedrill core samples are clamped into a rotating specimen holder between the X-ray source (W filament
and Be target) and the detector. The requested number of images defines the rotating angle per step
of the holder. At every step, multiple pictures are averaged to one final picture for noise reduction. The
number of averaged pictures per step, the requested number of final images and the exposure time of
each photo taken affect the quality and the scan time of the scanning process. The dimensions (x, y and
zin [mm]) give the edge length of the analysed volumes. Our scan resolution slightly differs from 13.21
pumto 17.68 um caused by variationsin distance between the specimen holder, the detector and the X-ray
source during scan procedures. The low-porosity samples are smaller in size leading to an improved
resolution in these cases. The final set of pictures is combined and reconstructed to a designated 3D
data set with the appropriate regions of interest (ROI). The scan parameters are summarized in Table
6.1.

6.2.3. Data processing

The basic concept of two quantification methods presented in this study involves graphically based
differentiation, disconnection and extraction of the relevant volumes. Grey value variations are the
basis of every applied processing in order to quantify mineral phases, fluids, pore space or random

portions of the data sets.
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Table 6.1: Scan parameters and porosity determined by ImageJ and VGStudio MAX. Variations in scan time
are caused by different acquiring parameters. The resolution is dominantly predefined by sample size.
*Hydrocarbon contents deriving from adjacent, correlated drillcore samples (Hammer et al. 2012).

One method operates with the software VGStudio MAX. This software provides a tool for manual
extraction of every region of interest (ROI) by choosing an adjustable greyscale tolerance. Thus, strong
material contrasts (grey value contrasts) and good noise reduction are advantageous for distinguishing
ROIs (Fig. 6.1). Noise reduction can be supported by filtering the data sets (e.g. Median or Gaussian).
The stepwise extracted final ROI can be displayed as a three-dimensional projection in a new data set.
The projection can be visualised in different styles and its properties now include accurate information
about the dimensions, voxel count, resolution and volume as voxel count or in mm?.

Besides the information on precise volume and size, the 3D reconstruction illustrates the characteristic

Fig. 6.1: 2D slice of the computer tomography raw scan data set of sample RB686.005_CT. a) Anhydrite is
displayed as light grey patches (white dashed line). Pore space (dark fraction) can be located within the
anhydrite clusters, along microfractures and grain boundaries and shows irreqular voids up to mm in size.
b) The yellow portions were manually extracted in VGStudio MAX and form the 3D reconstructions (see
Figs. 6.2, 6.3 and 6.7). Very small fractions and diffuse structures cannot be extracted due to the limited
grey-value contrast and to data set filtering.
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spatial distribution of the extracted volume (Fig. 6.2). Distribution anisotropies, preferred orientations
and shapes of single objects can be studied in detail. Furthermore, the 3D data set can be turned, sliced
or magnified in every possible direction in order to follow the complete inventory of objects. Videos of
rotating 3D objects or customized camera routes can be generated by VGStudio MAX or by alternative

freeware.

Fig. 6.2: 3D reconstructions of the spatial pore space distributions in samples with macroscopic visible
pores. The blue projections (Volume renderer; Figs. 6.2a, ¢ and e) portray the surface of the particles
extracted, whereby every particle is displayed in the same intensity. The orange reconstructions (sum
along projection; Figs. 6.2b, d and f) show the density distribution of the pore space. Sample RB685.004_CT
(Figs. 6.2a and b) shows an alignment of pore space along a steep dipping zone (white dashed line) and its
heterogeneous distribution. Sample RB867.005_CT (Figs. 6.2c and d) is characterized by a tube structure
in the central part (white arrow) and drop like shapes of few major voids. The pore space distribution in
sample RB687.005 is more homogenous than in sample RB685.004_CT. Sample RB686.005_CT (Figs 6.2. e
and f) shows a concentration of porosity on the right side (same scale as in RB685.004_CT).

The second method for quantifying volumes is based on the freeware ImageJ. Whereas the previous

method has its focus on manual extraction, this method detects all voxels of an image stack in a
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selectable, defined threshold of greyscales. By summarizing the selected threshold voxels, the ratio
relating to the total data set voxels gives the percentage of the selected volume, and the total volume
can be calculated referring to the known voxel size. Although this method is relatively fast, three-

dimensional properties and the visualising aspect with all its advantages remains ambiguous.

6.2.4. Microfabric studies

After CT imaging, the drill cores of the Knduelsalz were vacuum-impregnated with blue coloured epoxy
resin. The aim was to harden the samples for preparation and to reveal the shape, the contact boundaries
and the distribution of porosity volumes and fractures at macroscopic and microscopic scales. The drill
cores with visible pores are 32 mm in diameter and were cut perpendicular and parallel to the drilling
direction. The thick sections of 1 mm thickness were analysed using reflected and transmitted light

microscopy and were etched after Urai (1987) to investigate the subgrain fabrics.
6.3. Results

6.3.1. CT imaging, 3D reconstruction and porosity quantification

The distribution of halite, anhydrite and pore space, observed in the thick sections, can be recognised
in the 2D slices of the scan volumes (Fig. 6.1). These data sets consist of three major greyscale units.
Anhydrite clusters are portrayed as light grey patches. Since the selected scan parameters result in a
lower resolution, single inclusions of anhydrite crystals cannot be precisely detected in shape. However,
the clusters show the characteristic shapes observed in thick sections. They can cover halite grains or
form large cloudy patches of different shapes and dimensions. Rarely, small inclusions of minerals with
high density (such as celestine and pyrite) appear as white spots or microaggregates. They only occur as
accessory inclusions and are rarely distributed within the rock salt.

Halite is in the mid-range of the greyscale and forms up to 95 % of the scan volumes. The exact shape
of halite grains can only be visible if a contrast with the surrounding phases exists, e.g. with anhydrite
accumulations. Fractured grain boundaries or microfractures, generally containing fluid films, are
visible as dark grey domains. Our chosen resolution parameters (Tab. 6.1) do not allow the observation
of small single grain boundary fluid inclusions.

Pore space is shown by the darkest parts within the raw data sets (Fig. 6.1). High porous domains can
be located in the scan volumes at halite grain boundaries or within anhydrite clusters in different shape
and size. Although major cavities mostly show wavy and rounded boundaries to the surrounding rock
salt, some of them appear as polygons with straight margins indicating the presence of euhedral halite
crystals.

The shape of porous portions within the anhydrite clusters can be visualised only indistinctly due to

the cloudy and fine-meshed shape. Although not every anhydrite cluster contains a certain amount
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of porosity, some illustrate an irregular, patchy network of pore space. Besides small clear pockets, a

granular sparkling of pore space is observable within the anhydrite nests in the scan volumes (Fig. 6.1).

The 3D reconstructions presented in two different visualisation modes reveal the distribution and
shape of porous zones in the Knduelsalz samples. The blue projections (Volume renderer, Figs. 6.2a,
¢, e) show every pore space in the same intensity, whereby some domains are hidden by others. This
projection helps to identify every smallest pore space existing within the data sets. The orange sum
along projection (Figs. 6.2b, d, f) visualises the thickness of portions by adding the number of portions
in the line of sight. This projection is comparable to a density plot. The more portions occur in the
line of sight, the brighter the volume will appear, illustrating the three-dimensional distribution as an
accentuation of voluminous particles.

The extracted ROI of the three samples with macroscopic visible pores show distribution patterns of
pore space, which approximately follow the foliation of the rock salt in two cases (Figs. 6.2a and c).
Sample RB685.004_CT mainly consists of numerous smaller isolated and few major volumes up to
several mm?3. The latter are generally rounded, elongated and partially interconnected. Pore space
along partly fractured grain boundaries is formed as vesicular patches along one plane. In contrast
to some major volumes, most of the extracted particles are not interconnected and appear isolated.
However, the exact shape, especially of small volumes, has to be questioned in terms of scan resolution
and extraction mode. The complete extracted data set of sample RB685.004_CT shows a significant
orientation of increased porosity along a 65° steep dipping zone (Figs. 6.2a and b; white dashed
line). Most pores are located on one side of the scanned drill core implying a structural control on the
distribution of enhanced porosity.

The 3D reconstruction of sample RB687.005_CT displays additional distribution patterns of pore space.
Generally, larger pore spaces are observable. Only some vesicular patches occur as a branching network
in the central part of the reconstruction. Additionally, a clear developed tube structure in the centre
(Figs. 6.2c and d, white arrow) proceeds along several mm to give an apparent microchannel.

The 3D reconstruction of sample RB686.005_CT shows distribution anisotropy of pore space
corresponding to sample RB685.004_CT. RB686.005_CT is dominantly composed of smaller vesicular
patches, isolated small inclusions and some mm-sized pores which are partly connected. They rather
appear as single, randomly distributed isolated volumes. The major volumes show well-rounded shapes
and clear smooth surfaces, which is a consequence of good grey value contrasts of the raw data sets.
The sum-along projection shows the main volumes located in the central part along one side. The upper
part of the reconstruction is more diffuse (Figs. 6.2e and f).

The samples RB657.008_CT and RB652.015_CT are clearly distinct from the porous samples described
above.Sample RB657.008_CT shows only one fuzzy planar structure beside some subordinate fragments

occurring as cloudy patches (Figs. 6.3a and b). Pores of mm size with sharp edges and smooth surfaces
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are completely missing. Sample RB652.015_CT is characterised by small, homogeneously distributed
pores and some patchy films, especially in the upper part of the 3D reconstruction (Figs. 6.3c and d). A

preferred orientation of the low pore volume is present.

Fig. 6.3: The 3D reconstruction of the spatial pore space for the two less
porous samples without macroscopic visible pores show different porosity
patterns. Sample RB657.008_CT is characterized by one main penetrative
structure (Figs. 6.3a and b) whereas sample RB652.015_CT (Figs. 6.3c and d)
shows homogenously distributed isolated pores and films of small size and

volume.

Table 6.1 lists the calculated porosities acquired by the two different digital techniques presented in
this study. The hydrocarbon-bearing sample RB686.005_CT contains the highest porosity of all samples
analysed in the present study (1.26 Vol.-%), whereas the hydrocarbon-free sample shows a maximum

porosity of 0.22 Vol.-%. The porosity values achieved by the 3D reconstructions with VGStudio MAX are
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slightly higher than those acquired by the ImageJ method. Estimating the error of our CT quantifications

is difficult because of the lack of alternative porosity measurements upon our samples.

6.3.2. Microfabrics and the distribution of fluids and pore space

Anhydrite characterizes the microstructure of the Knauelsalz in a distinctive manner (Fig. 6.4a). Single
anhydrite crystals range from 20 um up to 200 um in diameter and occur as single inter- orintracrystalline
solid inclusions or as characteristic clusters and nests consisting of numerous agglutinated anhydrite
crystals agglomerated. These clusters can coat halite grains or form patches with diffuse and irregular
shapes. Once they follow halite grain boundaries, they emphasise the slight foliation of the Knaduelsalz.

The Knauelsalz usually has a grain shape anisotropy resulting in a moderate foliation. Primary

Fig. 6.4: a) Microphotograph of sample RB686.005_CT. Anhydrite clusters (dark nests) are a characteristic
attribute forthe microstructure ofthe Knduelsalz(z2HS1). b) Microphotograph (black dashed boxin Fig. 6.4a)
of sample RB652.015_CT. Halite grain boundaries decorated with fluid inclusions. The microphotograph
results from different images of multiple layers (z-stack) and shows the three-dimensional distribution of
grain boundary fluids. Both microphotographs in transmitted light with parallel polarizers.

structures like bedding are generally not or very rarely preserved due to halokinetic deformation
and recrystallization. Subgrain fabrics of etched halite crystals (Fig. 6.5b and 5c) indicate climb-
accommodated movement of dislocations (Passchier & Trouw 2005). Wavy and irregular halite grain
boundaries point to strain-induced grain boundary migration or to pressure solution processes.

The rock salt samples show a manifold inventory of fluid inclusions preserved as bubbles, stripes,
branching networks, vermicular lines and fluid films (Fig. 6.4b). They mainly occur on halite grain
boundaries and along boundaries between halite and anhydrite (Herrmann & Knipping 1993).
Additionally, anhydrite clusters show clear assemblages of fluid phases due to the high surface area.
The amount of pore space capable for fluid (hydrocarbon) storage in three of the five samples studied

is clearly revealed by the blue-coloured resin. In this case, the term pore space is used for any void
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structure exceeding the common size of grain boundary fluid inclusions, although they are filled with
gas or fluid. Pore space dimensions gradually range from several pm to a maximum of 7 mm. Cutting the
samples after impregnation with coloured resin shows that the injection depth is low by trend, attesting
either to the high viscosity of resin or the general low permeability of rock salt. Therefore, cutting planes
of the impregnated hand specimens reveal fewer coloured pore space than previously expected.

A certain amount of porosity is located within the anhydrite clusters. This porosity is illustrated by a
small amount of injected resin, giving a slightly blue shine (Fig. 6.5a). Nevertheless, the abundance of
anhydrite constricts a detailed observation of the resin distribution in the pore volume of these clusters.

Grain boundaries exhibit pores with different shape. A small amount of resin occurs at triple junctions

Fig. 6.5: Different sites of enhanced porosity in thick sections of sample RB686.005_CT. Such
sites are also visible within the CT raw data sets (see Fig. 6.1). a) Pore space within anhydrite
clusters revealed by blue resin; transmitted light. b) Small volumes of resin (black arrows)
located at triple junctions of halite grain boundaries. Their size exceeds the usual size of
grain boundary fluid inclusions. The right junction shows an bubble filled with powder from
polishing, which suggests the pore space was filled with air before preparation; etched
sample under reflected light. c) Resin filling of triple junction pore space and along halite
grain boundary. Note the partly wavy void structure. Remaining air bubbles from thin
section preparation are noticeable as black circles. The blue coloured resin can be tracked
at depth; etched sample under transmitted light. d) Partly wavy boundary (red dashed line)
of halite and resin filled void of mm size. Resin enters gaps along halite grain boundaries
(black arrows) and traces halite crystals; transmitted light.
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of halite crystals or as alignments of small pores of about 50 um located along grain boundaries (Figs.
6.5b and c). Higher porosities at grain boundaries show stripes or pinching and swelling, leading to
a stepwise separation of single halite grains. These stripes can vary in thickness and grow to major
volumes of about 1 mm until the former grain boundary-related formation is no longer observable.
The main portion of resin was inserted into pores up to several mm? in size (Fig. 6.5d). These volumes
exceed the usual known pore space of natural rock salt samples from salt domes in size and are visible
only in some hydrocarbon-bearing hand specimens. The halite-resin boundaries are usually wavy
and undulating (Fig. 6.5d). In some cases these edges seem to be controlled by crystal faces and the

orientation of halite crystals.
6.4. Discussion

6.4.1. Limitations and uncertainties of CT quantification

The basis for volume extraction out of CT raw data sets is given by grey value contrasts. Diffuse structures
or smallerinclusions cannot be captured properly and show inaccurate shapes. This diffuse appearance
is related to the small size of the analysed object and the limited scan resolution. Fig. 6.6 shows the
difficulty in selecting diffuse structures with the VGStudio MAX extraction tool. At low magnification, the
pore boundary is clearly visible. When magnified, the structure becomes indistinct and shows single
voxels with only little variation in grey values. Especially for grain boundaries or fluid films, which only
involve very few voxels in diameter and appear more diffuse, it is possible that single voxels are included
(or missing) within the ROI. Therefore, a slight inaccuracy of extracted volumes has to be expected,
which explains the discrepancy of the acquired volumes by the two different methods. An exact error
estimation of our CT study is hard to ascertain and should be determined by additional scanning
measurements in comparison to established porosity analyses in order to evaluate a statistical error.
The scan resolutions are predefined by the sample size and range from 13.21 um up to 17.68 um.
Therefore, objects smaller than approximately 50 um (equivalent to only 3 voxels) cannot be extracted
precisely, because they disappear within the noise of the scan volumes, or indeed after filtering the
data sets. Thus, the reconstructed shape of smaller objects consisting of only some few voxels has to be
questioned. Finally, the shape of the extracted objects is a matter of scale and contrast quality.

The VGStudio MAX method is based on manual extraction of favoured portions of the scan volume and
includes a distinct artificial component. The smaller the greyscale tolerance of the extraction tool is set,
the longer it takes to detect diffuse or contrast-poor regions. To keep this method rapid, the greyscale
tolerance helps to detect certain greyscale ranges and a larger portion of voxels. Especially in the case
of diffuse or contrast-poor structures unsolicited voxels can be detected and therefore lead to a slight
overestimation of the ROI. This fact could explain that the porosities determined by VGStudioMAX are
slightly higher compared to the porosities determined by the ImageJ method.
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Fig. 6.6: Diffuse structures like grain boundaries or
microfractures cannot be extracted properly from
the CT raw data sets due to the lack of grey value
contrast. a) Major pores along a grain boundary
can be marked (yellow areas). b) By magnifying
structures become indistinct and untraceable in a
detailed view (c).

The ImageJ method considers every voxel in the
selected greyscale tolerance and is very accurate in
the means of detection. Thus, any uncertainty in the
quantification is based only on the greyscale and
contrast properties of the scan volume. By setting
the requested greyscale range in non-filtered
data, single background voxels can be included
in the threshold, meaning the noise can affect the
extracted volumes. Despite the incorporation of
these very few single voxels, there should be no
impact on the total amount of porosity. Filtering
should not notably affect the quantification,
although the structures become more indistinct.

However, porosity studies on rock salt by different
techniques (see De las Cuevas 1997) show that
the main fraction of porosity can be represented
by little pore sizes smaller than 7.5 pm. In our
porosity determinations the scan resolution
prohibits the detection of such small pores. Thus,
an overestimation of porosity by our technique is
rather unlikely, although artificial fractures can
be incorporated. The calculated (ImageJ) and the
manually extracted (VGStudioMAX) porosities have

to be considered as minimum values.

6.4.2. Application of CT analysis on
the relationship between porosity and
hydrocarbon content

The presence of porous domains in three of our
samples is an unusual feature for the StaRfurt
Hauptsalz (z2HS). This fact is well-reputed and

confirmed by the underground exploration of the

Gorleben salt dome during the last 30 years and investigations of other salt dome formations related to

solution mining.

The CT imaging technique is able to analyse pore space characteristics of the presented rock salt

samples. The elevated porosities in three samples were presumed by very rare macroscopic visible
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pores and can be proven and quantified by our CT studies. This fact nicely confirms the application of
such modern technique giving supplementary information like spatial distribution, connection of pores
(Fig. 6.7) and total volume of pore space.

The elevated porosities correlate with the total amount of hydrocarbons detected in the different rock

Fig. 6.7: High resolution CT scans allow magnification of designated areas and objects. a) 3D projection
of RB685.004_CT (see Figs. 6.2a and b). b and c) Magnified views of image 6.7a show detailed shapes
and connections of extracted particles. The true surface shape of small objects is questionable due to
resolution limits.

salt samples. Higher permeability could have been caused by uprise-related early deformation and
accompaniedbyareleaseofbrineandhydrocarbonsfromtheStaffurt-Karbonat(z2SK)intotheoverlaying
Hauptsalz, which was subsequently deformed and reworked. The total amount of hydrocarbons within
Gorleben Hauptsalz (z2HS) samples is generally low (< 0.05 wt.-%) and not applicable to hydrocarbon-
induced fracturing processes described by Burliga and Czechowski (2010). The correlation between
elevated porosity and hydrocarbon impregnation implies that they are responsible for hampered
closing and healing mechanisms in deformed halite rocks. Burliga & Czechowski (2010) emphasize gas
and liquid phases to be responsible for the formation and unsealing of shear fractures for longer periods
of time. Moreover, hydrocarbons could inhibit water-halite interaction by coating the solution surfaces
as observed by CT studies on Asse rock salt (Zulauf et al. 2010).

In some exposures, the pore space retraces the slight foliation of the Knduelsalz. This fact suggests that

this part of pore space was incorporated during the formation of the foliation. Finally, creeping and self-
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healing processes of the rock salt interrupted fluid migration and subsequently lead to a preservation
of fluid accumulations, which could be an explanation for isolated fluid volumes in triple junctions
visible f.i. in the CT reconstructions of sample RB652.015_CT (Figs. 6.3c and d). Polyphase reworking of
the Knauelsalz during the halokinetic uprise should have separated and fragmented the hydrocarbon
impregnations leading to their overall heterogeneous distribution within the rock salt unit.

Single halite crystals partly extend into the deformation-related pore space (Fig. 6.5d) and exhibit
subgrain fabrics. If these crystals are assumed to have grown into the pore space as closing mechanism,
the subgrain fabrics suggest that crystal plastic deformation took place during or after the closure of

pore space.
6.5. Conclusions

- The non-destructive CT method yields robust quantitative data for porosity of salt rocks and 3D images
according to spatial distributions of porosity in rock salt. The 3D reconstructions can expose spatial
distribution anisotropies, amounts, connections and shapes of any visible portion of a scan volume
depending on the designated scale. The spatial resolution of the obtained data has a major impact on
the type of porosity that can be quantified.

- The analysed hydrocarbon-bearing Staf3furt Hauptsalz (Knduelsalz, z2HS1) samples from Gorleben
salt dome show enhanced porosities up to 1.26 Vol.-%, which is an unusual attribute for Gorleben rock
salt. The pore space was mostly generated and incorporated during polyphase halokinetic deformation
of salt rocks and partly follows the slight foliation of the Knduelsalz.

- A correlation between hydrocarbon content of samples and their partly elevated porosity indicate
that hydrocarbons were responsible for a hampered closure of pore space. In Gorleben Knauelsalz
elevated porosities are determined only in very few hydrocarbon-bearing rock salt samples, whereas
hydrocarbon-free samples are usually characterized by very low porosities und fluid content, which is

related to the well-known healing mechanisms of rock salt.
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Abstract

X-ray computed tomography (CT) represents a useful technique providing new perspectives and insights
for the structural investigation of naturally-deformed rock salt. Several samples of Permian rock salt
from Gorleben, Asse and Teutschenthal (Germany) were investigated by exploiting the non-destructive
nature of micro- and nano-CT techniques particularly for salt rocks. The CT measurements were
performed at different scales, including high resolution scanning in the submicron range. CT imaging
enabled the visualization and quantification of anhydrite impurities, pore space and fluid phases
located along grain-boundaries or trapped as intracrystalline inclusions. Considerations on CT imagery
aspects, such as raw data set filtering in combination with image arithmetic are further presented.
Disseminated grains and aggregates of anhydrite in rock salt of the Gorleben salt dome have been
visualized and quantified by p-CT for the first time in order to portray their spatial occurrence. The
visualization of anhydrite and pore space shows no correlation between their spatial distributions. This
independence excludes the anhydrite to be responsible for elevated porosity (0.87 +0.07 vol.-%). High-
resolution nCT scans (< 1 um voxel size) of single intracrystalline and grain-boundary fluid inclusions
from Gorleben and Asse rock salt allowed the visualization and quantification of their different phase
components. A major achievement is the detailed description of the morphology and shape of the fluid
inclusions and of their phase components, which has not been conducted in rock salt research by high-

resolution X-ray CT imaging before.
Keywords: Computed tomography; Rock salt; Anhydrite; Fluid inclusions; Microstructures
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7.1. Introduction

7.1.1. CT imaging in the geosciences

CT imaging has gradually entered the realm of geosciences in the past decades. This technique
enables non-destructive investigation of a vast range of earth and planetary materials. Overviews of
its applications in the geosciences are presented in Ketcham and Carlson (2001), Mees et al. (2003),
Carlson (2006) and Cnudde and Boone (2013). Carlsson (2006) suggests high potentials for uCT and
nCT imaging to become essential components in the lineup of future investigational tools. This holds
true for various disciplines in the geosciences such as hydrology, soil science, environmental geology,
paleontology, petroleum geology, sedimentology, petrology, structural geology, engineering geology,
economic geology, and planetary science.

Main fields of CT imaging refer to porosity characterization and pore geometry studies (Coles et al.,
1998; Arns et al., 2005; lassonov et al., 2009; Burliga and Czechowski, 2010; Dewanckele et al., 2012;
Wildenschild and Sheppard, 2013; Cnudde and Boone, 2013; Derluyn et al., 2014); rock permeability and
fluid migration studies (Fusseis et al., 2009; Cunningham et al., 2013; Alam et al., 2014; Cai et al., 2014),
strain determinations or shape analyses (Bay et al., 1999; Godel et al., 2006; Meyer et al., 2011; Adam et
al., 2013), quantitative and fabric investigations (Carlson and Denison, 1992; Jerram and Higgins, 2007;
Godel et al., 2010; Huddleston-Holmes and Ketcham, 2010; Boone et al., 2011) or analogue modeling
(e.g. Zulaufetal., 2003, 2011a, Pastor-Galan et al., 2012). Moreover, combined studies of CT imaging with
micro-X-ray fluorescence (UXRF) and X-ray diffraction (XRD) (Boone et al., 2011) or thermochronology
(Evans et al., 2008) have been carried out. Thus, a leading role of computed tomography is evident to
give additional insights and interpretations of results obtained by alternative techniques (Cnudde et
al., 2009). The main ambition of pCT imaging is an ongoing quest on high resolution scans to improve
the analytical potential of this technique (Cnudde and Boone, 2013). Based on the Nyquist theorem
(Nyquist, 1928) the effective resolution is double the voxel size. In the present paper, the term resolution
describes the edge length of the three-dimensional voxel (v) of a generated CT volume, although
sometimes resolution refers to the volume of a voxel (e.g. Henderickx et al., 2012) or to the detector
dimensions in pixels.

Ketcham and Carlson (2001) define resolution categories of CT scanning ranging from conventional
(mm) to microtomography (um). CT imaging with resolutions in the range of a few microns or even
below 1 um voxel size are well established in the geosciences (e.g. Renard, et al., 2004; Arns et al., 2005;
Evans et al., 2008; Fusseis et al., 2009; Godel et al., 2010; Henderickx et al., 2012). At present, modern
precision-focusing nCT scanners and synchrotron X-ray facilities (see Fusseis et al., 2014) achieve CT
resolutions on the nanometer scale, in which case the term nanotomography is appropriate. Especially
synchrotron X-ray computed tomography (e.g. Fusseis et al., 2009; Derluyn et al., 2014) can enable high

resolutions of v<100 nm (Ogurreck et al., 2013). Fusseis et al. (2014) have summarized the achievements
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of synchrotron micro- and nanotomography for (structural) geology and rock mechanics.

7.1.2. CT imaging of rock salt

Whereas numerous puCT imaging studies in the diverse fields of geosciences have been published,
UCT imaging studies on rock salt play a subordinate role. Renard et al. (2004) presented synchrotron
microtomography on experimentally compacted samples to incrementally monitor changes of
the texture and pore space characteristics in halite aggregates. A maximum resolution of v = 0.7 um
revealed changes of halite grain contacts to result in decreasing permeability due to grain indentation
and pore connectivity reduction by precipitation on free surfaces of pore throats. Further synchrotron
X-ray microtomography studies have analyzed the distribution of salt solution and crystals in porous
limestone related to salt weathering cycles (Derluyn et al., 2014). All of these high resolution studies
point out the importance of UCT for the characterization of crystallization processes, textures and
changes of pore space in rock salt.

Zulauf et al. (2009) applied clinical CT imaging to separate and visualize experimentally produced
anhydrite boudins in rock salt matrix. Further thermomechanical experiments of anhydrite and rock
salt set focus on chocolate-tablet boudinage using uCT (Zulauf et al., 2011b).

CT imaging of natural rock salt samples of the Klodawa Salt Structure (Poland) have been performed by
Burliga and Czechowski (2010) in order to visualize and quantify the porosity of hydrocarbon-bearing
rock salt in combination with geochemical analyses. Similar uCT studies have been conducted by
Thiemeyer et al. (2014) regarding hydrocarbon impregnations and elevated porosities in the Gorleben
salt dome of Northern Germany accompanied by microfabric investigations.

The aim of the present paper is to demonstrate the value of uCT imaging for the characterization of a
typicalrocksaltinventory. Asuite of CT reconstructions will reveal enriching structural data, representing
noteworthy progress for the rock salt community. Our presented CT scans in the submicron range
are unique and no such data on naturally deformed rock salt exists to this date. Besides the general
implications of our results concerning computed tomography on rock salt, conclusions regarding the
analyzed samples can be drawn to give new insights pertaining to rock salt from the Gorleben salt dome

of northern Germany.

7.2. Geological background and microstructural characteristics of the rock
salt samples

7.2.1 Sample localities

All samples of the present study have been collected from Upper Permian salt deposits of northern
Germany: (i) the Gorleben salt dome, (ii) the Asse salt structure, and (iii) the Teutschenthal mine (Fig.
7.1).
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The Gorleben salt dome and the Asse salt structure represent domal salt rocks, which are built up by
salt rocks of the Stassfurt Formation (z2) (Bornemann, 1991; Jagsch and Theylich, 1999; Fig. 7.1). In
Gorleben, the diapiric uplift of the salt rocks resulted in a vertical rock salt column of approximately
3 km. The lowest sub-unit (Knduelsalz, z2HS1) of the Stassfurt formation has been interpreted as a
halotectonic breccia (Bornemann et al., 2008) because primary bedding features are not preserved due
to a relatively strong homogenization during the salt uplift. Comprehensive stratigraphy, lithology and
tectonic evolution are given in Bornemann et al. (2008).

The Asse salt structure is situated 200 km W of Berlin and has been used as an underground research
laboratory for nuclear waste storage in rock salt since 1965. This salt structure mainly consists of
Stassfurt (z2), Leine (z3) and Aller (z4) salt rocks of Upper Permian age forming a steep anticline trending
NW-SE (Fig. 7.1).

Fig. 7.1: Sampled salt structures in northern Germany according to Bornemann (1991) and Jagsch and
Theylich (1999). All samples presented in this paper were collected from the Stassfurt formation (z2).
The cross sections only consider the main salt units. For a detailed stratigraphy of the Zechstein and the
particular salt formations, the reader is referred to Bornemann et al. (2008).
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In contrast to these domal salt structures, the Teutschenthal deposits consist of stratiform, bedded
salt rocks, which have only been moderately deformed compared to the Gorleben and Asse rock salt
(Jagsch and Theylich, 1999; Kuster, 2011).

Thefollowing sections give a brief introduction on general aspects about anhydrite, pore space and fluid

phases in rock salt and an introducing summary about microstructural characteristics of the samples.

7.2.2. Anhydrite, pore space and fluid inclusions in rock salt

Anhydrite distribution is important for structural geology and for rock mechanics because rock salt has
been suggested to be a suitable medium for nuclear waste repositories (e.g. Hunsche and Hampel, 1999).
From large to very small scales, anhydrite intercalations result in mechanical anisotropies and can act
as fluid reservoirs (brines and hydrocarbons) or as locally developed pathways for fluids (Bornemann
et al., 2008), which can be (re)distributed along fractures or interfaces when deformation is partly
accommodated in the brittle-ductile regime (Peach, 1993; Zulauf et al., 2009, 2010, 2011b; Mertineit et
al., 2014). During compaction, deformation and recrystallization, primary fluid phases can be trapped
and (re)distributed within the halite crystal assemblages along (healing) cracks or by grain-boundary
migration and solution-precipitation processes causing the accumulation of fluid inclusions along
grain or phase boundaries. The term fluid inclusion implies incorporated vapor and/or fluid potentially
including a solid phase of organic or inorganic matter (e.g. Roedder, 1984), such as hydrocarbons or
brines, and is not limited to fluids.

There is some evidence that natural fluids might play an important role for rock salt deformation.
Even small amounts of brine enable and support solution-precipitation processes and grain-boundary
migration under natural conditions resulting in mechanical weakening of rock salt (Urai et al., 1986,
Peach et al., 2001; Ter Heege et al., 2005; Pennock et al., 2006; Urai and Spiers, 2007; Zhang et al., 2007).
One aim of our study was to visualize and quantify characteristic anhydrite impurities in rock salt
collected from various localities. Samples RB648 and RB683 have been collected from the Knaduelsalz
unit (z2HS1) in Gorleben at the 840 m level (exploration area 1), which is described as dark-gray to
black, medium- to coarse-grained rock salt containing certain amounts of anhydrite (Bornemann et al.,
2008). The typical anhydrite distribution is manifested as dispersed anhydrite impurities or as irregular,
knotty clusters or nests (the so-called Knduel in German language) resulting in the term Knauelsalz
for this unit (Fig. 7.2a,b,e,f). The highest amounts of anhydrite are present as larger nodules reflecting
former anhydrite layers, which have been separated, folded and disseminated during uprise-related
deformation (Bornemann et al., 2008). Sample RB683 (Fig. 7.2e and f, Knduelsalz, z2HS1, 840 m level)
has been studied regarding the correlation between anhydrite and pore space distribution. In very rare
cases, rock salt drill cores exhibit small pores leading to slightly elevated porosities (Thiemeyer et al.,
2014). The sampleis characterized by few pores (<5 mm), which are even observable in hand specimens.

For this type of porosity, the term macroporosity will be used. The sample has been impregnated with
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blue-coloured resin to accentuate the pore space distribution under the microscope. The thick section
reveals a former gas bubble caused by the incomplete ingress of resin during impregnation (Fig. 7.2¢)
and elevated porosity within the anhydrite clusters (microporosity), which are not visible in hand
specimens. However, the main portion of porosity in this particular sample is given by larger pores,
although such mm-sized pores are very unusual for naturally deformed rock salt and for the Gorleben

Knauelsalz in particular.

Fig. 7.2: Fabric of rock salt samples presented in this paper. a) and b) Microphotographs showing
disseminated dark anhydrite crystals in Gorleben Knéuelsalz (z2HS1; sample RB648, Bpolarizers).
¢) and d) Microphotographs of Teutschenthal rock salt (sample LT163_1, z2HS) showing a pervasive
anhydrite layer (dark band of ca. 8 mm thickness; d) as etched halite thick section under reflected
light). e) and f) Microphotographs of sample RB683 (z2HS1, Gorleben) reveal the typical, irregular,
dispersed anhydrite custers. The gas bubble is caused by the incomplete ingress of resin during
impregnation.
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Sample LT163_1 (Hauptsalz unit, z2HS, 759 m drilling depth) from the Teutschenthal salt deposit (see
Fig. 7.1) shows intercalations of anhydrite as well (Fig. 7.2¢,d) but differing structures compared to
the anhydrite distribution of the Gorleben sample. The collected Teutschenthal sample reveals one
anhydrite layer of approximately 8 mm thickness intercalated in the halite matrix. Further anhydrite is
disseminated as numerous solid inclusions (= 500 pm) to give an unpurified rock salt, which is supported
by primary fluid inclusions. Apart from the anhydrite layer, anhydrite crystals are larger compared to
the clusters, lath-shaped and partly idiomorphic (Fig. 7.2d). The halite grain diameters are > 5 mm and
therefore larger than those of the Gorleben sample(s).

Due to the impact of fluids on the deformation behavior of rock salt (see text above), the investigation
of morphologies, volumes, components and distribution patterns of fluid inclusions in synthetic and
natural rock salts have been intensively studied in the past (e.g. Roedder, 1984; Urai et al., 1987; Drury
and Urai, 1990; Schoenherr et al., 2007; Desbois et al., 2008, 2012; Zulauf et al., 2010; Zavada et al.,
2012). However, the shape and particular volume of single fluid inclusions in rock salt has not been
studied in detail and CT imaging of the fluid inventory of naturally deformed rock salt has not yet been
performed. With respect to microstructural characteristics and mechanical properties of Asse rock salt,
the natural fluid content has been quantified by 0.04-0.05 vol.-% (Urai et al., 1987; Gies et al., 1990). The
fluid characteristics in Asse rock salt has further been presented by Urai et al. (1986, 1987) and Zulauf et
al. (2010) concerning the role of brine and hydrocarbon (re)distribution during the deformation of the
rocks.

An exemplary fluid distribution pattern of grain-boundary fluids in Asse rock salt (Speisesalz, Na2SP,
600 m drilling depth) is shown in Fig. 7.3a. Characteristic stripes and spots of brine or hydrocarbons
decorate halite grain-boundaries in naturally deformed rock salt (e.g. Urai et al., 1987). Further amounts
of fluid, gas and solid components can be found in intracrystalline fluid inclusions.

Intracrystalline fluid inclusions can similarly be described for Gorleben rock salt. Sample Bo5
(Kristallbrockensalz, z2HS3, Fig. 7.3b) from the Gorleben salt dome contains two intracrystalline
inclusions consisting of various phases. A vapor phase is present as dark bubbles surrounded by fluids
composing the overallinclusions. The larger of the two inclusions is elongated and thins out towards the
tips. In order to improve the imaging quality, Fig. 7.3b and Fig. 7.3c consist of numerous single images
in several focus planes to create z-stack images merging well-focused parts to a digitally-improved final
image. However, this method does not provide detailed information about the shape and morphology
of the fluid inclusions. Therefore, we performed uCT scans reconstructing the main inclusion to uncover
its exact morphology and structure.

The z-stack image of sample Bo5UHR (Fig. 7.3c) shows characteristic fluid inclusion patterns along a
halite grain-boundary developed as a branching network with fluid stripes trending horizontally. The
fluids are partly blackened due to the amount and thickness of the particular structure and to some

extent are linked by very thin, transparent stripes (red arrows, Fig. 7.3c). Additionally, tiny fluid spots
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decorate the grain-boundary and lie between the main branches (white arrow, Fig. 7.3c). Some parts of
the z-stack image remain unfocussed, although the image consists of 26 single images of several focus

planes. The corresponding nCT scan was performed with the highest resolution of 700 nm voxel size.

Fig. 7.3: Transmitted light microphotographs of fluid
inclusions in Asse Speisesalz (Na2SP) rock salt (a), and
the Gorleben Kristallbrockensalz (z2HS3) samples
Bo5 (b) and Bo5UHR (c). The microphotographs
result from stacked images to increase the depth
of field. a) Typical fluid distribution pattern along
halite grain boundaries in Asse rock salt. The fluid
pattern reconstructed using CT is not displayed. b)
Two intracrystalline fluid inclusions (sample Bob,
72HS3, Gorleben salt dome) exhibiting gas bubbles
surrounded by a fluid phase. ¢) Grain-boundary fluid
inclusion pattern (sample Bo5UHR, z2HS3, Gorleben
salt dome). Several main branches of fluids result in a
fluid network that is partly linked by transparent, thin
stripes (red arrows). Note the very small fluid spots
between the main branches (white arrow).

7.3. Methods

7.3.1. Sample preparation

Depending on the designated scales and subject,
we analyzed rock salt drill cores (72 and 36 mm in
diameter) by means of CT without further cutting.
The investigation of characteristic anhydrite
distributions in greater detail on the other hand
(sample LT163_1) required the preparation of rock
salt bricks of ca. 10 cm?. For the highest resolution
scans (v = 700 nm), rock salt drill cores and hand specimens were comminuted and then inspected

under the microscope for small specimens (ca. 2 mm?) with no artificial cracks..

7.3.2. X-ray computed tomography

CT scanning was performed with a phoenix nanotom s at the Geoscience Department of Goethe
University Frankfurt am Main. This CT scanner is equipped with a X-ray nanofocus tube (W-filament and

a Be-transmission-target) and a Hamamatsu detector with a resolution of 2240 - 2354 pixels resulting in
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CT volumes with a maximum resolution of v<1 um.

A precondition for our high-resolution scans in the submicron range is the multifocus CT ability of the
nanotoms.When approachingresolution limits, a very smallfocal spot is required to capture the smallest
structures or objects in samples. A decreasing intensity must be counteracted by longer exposure times
foreachsingleimage, which produces additional noise. The noise level can be counteracted by averaging
more single images per step. To summarize, highest resolution CT scans require longer exposure times
perimage, more single images per step and exponentially longer scanning times resulting in a trade-off
between acquisition time and image quality (Cnudde and Boone, 2013). The relation between sample

size, resolution and scanning time is schematically shown in Fig. 7.4.

Fig. 7.4: Schematic classification of various scanning regimes concerning sample size, scanning time
and resolution. A small voxel size (v) and related high scan resolution are restricted to small samples. All
samples shown in this figure are described in the text.

The microstructures of the rock salt samples presented in Fig. 7.2 were scanned with various scanning

parameters and resolutions (v =700 nm to 20 um) dependent on the sample properties (Table 7.1).

7.3.3. Data processing

The processing of CT rotational data starts with the back projection resulting in a raw data volume with
voxels of 8, 16 or 32 bit gray scale. The dimensions of the 3D volume are defined and constructed by a
matrix resulting in a certain number of voxels per edge length (x,y,z). As standard case, the dimensions
of the volume accord to the detector dimensions. For some special cases, the reconstruction software
allows a downscaling of the reconstructing matrix resolution by factor 0.5 or 0.25 to create volumes with

reconstructed voxel sizes (v ) two or four times larger than the original voxel size. The effects are the
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Table 7.1: Summarized uCT measurements presented in this paper. X-ray current parameters are given in
kV and pA. The mode describes the focal spot as weak (0) to strong (3) focus. The number of averaged and
skipped pictures is given for every rotation increment during the scanning process resulting in one final
image. Voxel sizes are given in original and improved reconstruction size (2Res).

same as the well-known pixel-binning for higher signals with reduced noise during real-time scanning
and result in reduced resolution and a much smaller data set, which is useful for preliminary checking
of the CT data or for easier and faster handling of the data. On the other hand, the software allows an
upscaling by the factor 2 (2Res) to achieve a final resolution half the original voxel size. This bisection of
the voxel size causes data sets eight times larger than a reconstruction with the original voxel size. The
2Res reconstruction algorithm is a proprietary format of phoenix company and thus not freely available
or described. However, the 2Res technique is worth mentioning, because the visual aspect of small
particles is clearly increased although resolution is not doubled.

During volume reconstruction the rotation images can be treated with filters and modules for artifact
corrections to pre-modify the data set.

We present visualization procedures depending on the data set properties and the designated objects
processed by VGStudioMAX 2.2. Based on gray value thresholds of the data volume designated regions
of interest (ROIs) can be extracted automatically (fast) or manually (time-consuming) and visualized in
different projection modes. The standard surface determination tool of VGStudioMAX was used in order
to attain well defined ROIls. Depending on the spatial distribution, capacity or matter of interest, two
different projection modes are presented in this paper: (i) the phong and (ii) the sumalong projection.
The phong projection displays all reconstructed particles in the same clarity, independent of their size
andvolume and is best suitable for descriptions of morphologies or animations, especially for very small
objects consisting of only few voxels. The sumalong projection points out the volumetric distribution
depending on the amount of penetrated particles in the line of sight. As a result, larger volumes are
highlighted, which is useful in case of numerous, capacious 3D reconstructions. A certain transparency
of 3D sumalong projections allows the tracing and identification of internal structures or distribution
patterns in a 3D reconstruction and is very suitable for ROIs consisting of numerous single particles.
The final 3D reconstructions can be magnified, sliced or turned in every desired direction offering a wide

range of perspectives including robust spatial information about size, volume or surface of the objects.
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Depending on the scanning parameters and the raw data, quantification errors are estimated by
slightly shifting the gray value thresholds during volume extraction. This technique applies only to the
automated extraction method (see above). When a particular threshold for a single phase component
is clearly distinguishable from another, a small shift of the corresponding threshold is used to obtain a

quantification error.

7.4. Results

7.4.1. Anhydrite distribution in rock salt on different scales

3D-uCT reconstruction of extracted anhydrite impurities of sample RB648 (Fig. 7.2a and b) with a voxel
size of v=20 um are shown in Fig. 7.5. The sumalong projection retraces the main portion of the plumes
and shreds of anhydrite in the halite matrix. The anhydrite content was quantified as 10.1 +1.0 vol.-%,
which is in the range of the overall determined anhydrite content between ca. 5 % and 20 % for the
Hauptsalz unit (Brauer et al., 2011).

Sample RB648 was selected as anhydrite-rich sample, as depending on the analyzed rock salt volume
the anhydrite content varies due to its heterogeneous distribution. The CT reconstruction also allows
a surface area determination of anhydrite, which yielded the twentyfold (20600 mm?) of the anhydrite
clusters related to a cube surface equivalent (1035.6 mm?) of the anhydrite volume.

The CT reconstruction of anhydrite in the Teutschenthal sample LT163_1 (Fig. 7.6) differs from the
anhydrite pattern of RB648. The anhydrite grains in sample LT163_1 occur in form of three single layers
contributing with 7.4 +0.7 vol.-% to the data volume. One such layer is shown in Fig. 7.2c. The resolution
of v = 8.06 um even allows the identification of single anhydrite crystals, which are slightly larger (up

to 500 pm) than the disseminated anhydrite crystals in the Gorleben sample (RB648, Fig. 7.2a and b).

7.4.2. The relation between pore space and anhydrite distribution

Sample RB683 from the Gorleben Knauelsalz unit (z2HS1) shows few macroscopically visible pores
in the hand specimen and in thick sections (Fig. 7.2e and f). Such voids are an extremely rare feature
in Gorleben Hauptsalz formations. They can be correlated with hydrocarbon impregnations and are
interpreted as remnants of pore space, which has almost been closed completely during the polyphase
deformation and uplift of the Gorleben salt rocks (Hammer et al., 2012, 2013).

This CT scan was acquired with a voxel size of v=10.38 um. The raw data set of the scan volume reveals
dark portions, representing the pore space filled with air or fluids, and light-gray portions representing
anhydrite (Fig. 7.7a). Both portions were reconstructed and illustrated as phong projections (Fig. 7.7b).
The anhydrite (shown in yellow) is present in form of disseminated inclusions within the halite matrix.
In contrast to sample RB648 (Fig. 7.5), sample RB683 yields an anhydrite content of only 0.66 +0.25 vol.-

%. The pore space, displayed in blue, consists of single pores and fractures, which show a moderate
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Fig. 7.5: 3D-uCT anhydrite distribution in Gorleben Knduelsalz (RB648). The sumalong projection is best
suited to visualize the high spatial / 3D complexity and highlights the main portions of extracted objects,
which is the 20-fold of the cubic surface. The cloudy visualization retraces the knotty and shredded clusters
as a characteristic feature of the Knduelsalz (z2HS1) yielding 10.1 +1.0 vol.-% of anhydrite in RB648; v =20
um.

distribution anisotropy resulting in a total porosity of 0.87 +0.07 vol.-%. A certain amount of artificial
porosity has to be assumed due to the brittle behavior of rock salt during sampling. Despite the low
anhydrite content, a pervasive 3D pattern results due to numerous crystals present as single impurities
or clusters. The anhydrite content of sample RB683 is low enough to justify the phong projection. The
raw data slices show that major voids are not associated with anhydrite impurities (Fig. 7.7a). The 3D
reconstructions reveal no evident correlation between the spatial distribution of anhydrite and the pore
space in general (Fig. 7.7b). The anhydrite cluster in the lower corner includes almost no pore space

resolvable with the given voxel size of 10.38 pm.
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Fig. 7.6: 3D-uCT reconstruction of mid-scale (slight close-up) anhydrite distribution in Teutschenthal rock
salt (LT163_1). The phong projection (yellow) reveals three distinct layers with enriched anhydrite crystals
in this rock salt volume reflecting bedding. The sumalong projection (orange) illustrates the volumetric
abundance of anhydrite yielding 7.4 +0.7 vol.-% of the rock salt volume; v = 8.06 um.

Fig. 7.7: a) Principle of gray-value based extraction in uCT raw data sets (RB683, top view). Pore space
is displayed as dark domains; halite forms the gray matrix. Anhydrite is represented as light gray, small
particles. Based on their characteristic gray value thresholds, pore space and anhydrite can be traced
and captured in two separate volumes illustrated as blue and yellow masks in the lower part. b) 3D-uCT
reconstruction of pore space (blue) and anhydrite (yellow) based on the raw data set shown in a).
Heterogeneously distributed clusters and scattered crystals of anhydrite (yellow) are quantified with 0.66
+0.25 vol.-%. The pore space (blue) yields 0.87 +0.07 vol.-% of the analyzed volume. Halite contributes > 98
vol.-%. The lower image is a compilation of both anhydrite and pore space; v=10.38 um.
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7.4.3. Fluid phase reconstructions
7.4.3.1. Grain-boundary fluids of Asse rock salt

In order to characterize distributions of brines and hydrocarbons in Asse rock salt, nCT analyses
were performed with a reconstructed voxel size (v) of 0.85 pm. The nCT scan allowed the detailed
reconstruction of the fluid distribution and the separation of phase componentsin asingle fluid inclusion.
The overall distribution of a reconstructed fluid inclusion inventory is illustrated in Fig. 7.8a. The main
volume describes a locally developed film-like sheet of grain-boundary fluid inclusions. The measured
thickness (D) of the fluid decoration illustrates the pinching and swelling of the sheet. Some roundly-
shaped, partly disconnected inclusions are present. The surface of the extracted volume appears slightly
granular, which is caused by noise artifacts. The left part of the CT reconstruction exhibits a steep trail of
single fluid inclusions. Such inclusion trails occur intracrystalline and often include a variety of phases
(e.g. Roedder, 1984) as described for sample Bo5 (section 7.2.2).

The high scan resolution of the Asse sample allows visual separation of various inclusion components.
The raw data slice in 2D as a gray scale image exhibits three different phases inside the inclusion (Fig.
7.8b). The gray scale thresholds suggest a liquid (L), a solid (S) and a vapor phase (V), but provides no
information about the presence of organic matter, although parallel microstructural studies revealed
the presence of hydrocarbons (Zulauf et al., 2010). The 3D reconstruction allows a spatial analysis of
these components and their amounts. The solid phase (projected in yellow, Fig. 7.8b) yields 2.6 vol.-%,
the amount of vapor phase (blue) is 23.5 vol.-%, and the liquid phase (cyan) constitutes the majority
with 73.9 vol.-%. This type of reconstruction demonstrates how both the vapor and the solid phase are

smoothly covered and surrounded by the fluid phase.

7.4.3.2. Fluid inclusions in Gorleben rock salt

The CT reconstruction of sample Bo5 was performed focusing on the main, large inclusion 