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Abstract

Abstract

This thesis describes a multidisciplinary, multiscale approach to the analysis of tight gas reservoirs.
It focused initially on the facies architecture of a Permian tight gas field in the Southern Permian
Basin (SPB), East Frisia, Northern Germany. To improve field development, 3D seismic data,
wireline and core data were compared to a reservoir analogue in the Panamint Valley, California,
United States. Depositional environments of the Permian Upper Rotliegend Il included perennial
saline lakes, coastal parallel sand belts comprising wet, damp and dry sandflats and aeolian dunes
with interdune deposits. Polygonal patterns at different scales were observed on seismic horizon
slices in the reservoir intervals and the overlying Zechstein. Outlines of superordinate polygons
coincide with interpreted faults. Similar polygonal networks were identified on satellite images of
modern dry lakes in the western United States. The mega-crack pattern of ephemeral dry North
Panamint Lake, United States, is characterized by variably sized polygons with diameters ranging
from kilometres to metres. The evolution and subsurface extent of this polygonal pattern and a
potential tectonic link was examined by ground resistivity measurements and surface mapping.
Crack development is initiated by shrinking of clays due to changes in water content in the near
surface range. For crack evolution the following processes are proposed: Cavities develop in ~1
m (3ft) depth during a subsurface phase, followed by an upward progression and the evolution
of the actual surface cracks with the collapse of the overburden into the existing cavities. Cracks
are filled by wind-blown sand and dried-out lake sediments from collapsing crack walls. Following
burial, differences in competence between crack-fill and surrounding playa lake sediments provide
zones of structural weakness that might channelize stress release and faulting. Ground resistivity
measurements confirmed the extent of the cracks to a depth of more than 3 m (9 ft). The maximum
horizontal influence area expressed by increased moisture contents on the playa surface is up
to 12 m (36 ft). Such fissures systems may develop into weakness zones that serve as fault
grain and impact reservoir quality in terms of hydraulic connectivity of reservoir compartments.
For the Rotliegend reservoirs, porosity and permeability in the reservoir interval was inverted/
decreased by cementation along migration pathways during diagenesis. Permeability barriers

and compartmentalised reservoirs are a potential result of this development.

In addition to the large scale approach analysing seismic data on the regional and reservoir
dimension, a workflow that investigates microporosity by combining Scanning Electron
Microscopy-Broad lon Beam (SEM-BIB) and optical microscopy was developed. The SEM-BIB
technique displays pores down to nm-scale on polished surfaces (~area of 1.5 mm?2). The ion

beam preparation thus provides unprecedented insights into pore geometries and morphologies
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of tight rock formations in general. As a result, a relative timing of crystallization was established
and multiple phases of clay mineral growth identified. Furthermore, the study focused on pore
orientation analysis and stress indicator identification using image analysis as a tool. As a first

step, a workflow for an upscaling from the SEM images to thin sections was developed.

For a better understanding of the depositional environment and reservoir rock distribution in
the SPB, a sedimentary facies analysis of four cores from the tight gas field in East Frisia was
compared to a second study area in northern central Germany. The focus lay on a comparison
of the depositional environments and palaeo-geographic positions in the SPB during the Upper
Rotliegend Il (Upper Permian). In contrast to the tight gas field, which was located at a marginal
position of the SPB, the second interest area was situated closer to the great saline lake at the
centre of the SPB. While the sedimentation was dominated by dry aeolian sediments in East
Frisia, deposition in northern central Germany mainly took place under sub-aquatic conditions.
The lake level changes of the Rotliegend lake are expressed as cyclicity in the sediments of the

cores.

This study demonstrates that tight gas exploration and production requires multidisciplinary,

multiscale approaches beyond standard seismic interpretation workflows to better understand

the temporal and spatial evolution of these complex reservoirs.




Zusammenfassung

Zusammenfassung

Die vorliegende Arbeit beschreibt einen multidisziplindren Ansatz zur Analyse von Tight
Gas Reservoiren. Der Fokus der Studie, die sich mit verschiedenen GroéRenordnungen, vom
Reservoirmallstab bis hin zum Porenmalstab beschaftigt, liegt auf der Faziesarchitektur
eines Tight Gas Feldes im Sudlichen Permbecken in Ostfriesland. Um die Feldesentwicklung
Okonomischer zu gestalten, wurden Informationen aus 3D-seismischen Daten, geophysikalischen
Bohrlochmessungen und Bohrkernen mit einem modernen Analogbeispiel in Panamint
Valley, Kalifornien (USA), verglichen. Die Sedimentation im Ober-Rotliegend Il wurde
durch periodisch trockene Salzseen, kustenparallele Dunenfelder, bestehend aus Dinen-
und Interdinenablagerungen, nassen, feuchten und trockenen Sandflachen, dominiert. In
seismischen Daten wurden polygonale Muster verschiedener Dimensionen auf horizon slices
im Reservoirintervall und dem im Hangenden befindlichen Zechstein identifiziert. Die Umrisse
der (ibergeordneten Polygone korrelieren mit interpretierten Stérungen. Ahnliche polygonale
Netzwerke existieren auf trockenen Seen im Westen der USA. Die Durchmesser der Polygone,
die durch Mega-Risse auf dem periodisch trockenen See im nérdlichen Panamint Valley gebildet
werden, variieren zwischen Kilometern und Metern. Die Entwicklung dieser Risse, ihre Ausbreitung
im Untergrund und ein moglicher Einfluss von tektonischen Prozessen bei ihrer Bildung, wurden
mit Geoelektrikmessungen und Oberflachenkartierungen untersucht. Die Entstehung der Mega-
Risse wird durch eine Volumenabnahme der Tonminerale, hervorgerufen durch einen veranderten
Wassergehalt in Oberflachennahe, initiiert. Die Rissentwicklung setzt sich aus folgenden Schritten
zusammen: In einer Tiefe von ~1 m entsteht durch die Volumenabnahme ein Hohlraum, der sich
bis zur Oberflache ausbreitet. Anschlielend bricht die trockene Seeoberflache in den Hohlraum
ein. und die offenen Risse werden durch eingeblasenen Sand und kollabierende Seitenwande
verfullt. Der durch die heterogene Fullung der Risse entstandene Kompetenzkontrast zur
umgebenen Seeoberflache begunstigt die Entwicklung von Schwachezonen wahrend der spateren
Kompaktion. Fluidzirkulation und Spannungsabbau wird bevorzugtin diesen Bereichen kanalisiert.
Geoelektrische Messungen weisen den Einfluss dieser Zonen auf den trockenen Seen bis in eine
Tiefe von mehr als 3 m nach. Der maximale horizontale Einflussbereich auf der Seeoberflache,
der durch einen erhéhten Feuchtigkeitsgehalt bestimmt wurde, war 12 m. Solche Schwachezonen
dienen moglicherweise als praferierte Orte fur Stérungsentwicklung und beeinflussen die
Reservoirqualitat bezlglich hydraulischer Konnektivitdt und Reservoirkompartmentalisierung.
Initial hohe Porositaten und Permeabiltadten des Ober-Rotliegend Il wurden durch Fluidmigration
nachtraglich invertiert. Permeabilitatsbarrieren und kompartmentalisierte Reservoire sind die

Folge dieser Entwicklungen.




Zusammenfassung

Zusatzlich zu diesem groRdimensionalen Ansatz der seismischen Interpretation im regionalen und
Reservoirmalistabwurde einArbeitsablauf zur Kombination von Rasterelektronenmikroskopbildern
(REM-Bildern) und optischer Mikroskopie entwickelt. Die mit dem REM untersuchten Proben
wurden mit einem Argon-lonenstrahl geschnitten und besitzen dadurch eine polierte, ebene
Oberflache von ~1.5 mm?2 Diese Technik ermdglicht es, Poren im Nanometermalstab
abzubilden. Diese Praparation liefert einen noch nie dagewesenen Einblick in Porengeometrien
und -morphologien von niedrigpermeablen Gesteinen. Eine relative Kristallisationsabfolge
wurde erstellt und mehrere Phasen von Tonmineralwachstum identifiziert. Zusatzlich wurden
Porenorientierung und Stressindikatoren mit einer Bildanalysesoftware untersucht. Als ersten

Schritt wurde ein Workflow fur das Hochskalieren von SEM Bildern zu Diinnschliffen entwickelt.

Um die Ablagerungsverhaltnisse und die Verteilung der Reservoirgesteine im Sudlichen
Permbecken besser zu verstehen, wurden Bohrkerne des Tight Gas Felds in Ostfriesland
bezlglich ihrer sedimentaren Fazies analysiert und mit Kernen eines zweiten Studiengebiets in
Norddeutschland verglichen. Der Fokus lag auf den sedimentaren Ablagerungsraumen und der
paldogeographischen Lage der beiden Arbeitsgebiete im Sudlichen Permbecken zur Zeit des
Ober-Rotliegend II. Im Gegensatz zum ostfriesischen Tight Gas Feld, das sich im stidwestlichen
Randbereich des Sudlichen Permbeckens befand, lag das zweite Arbeitsgebiet in der Nahe des
grollen Salzsees, in einer zentralen Position. Wahrend die Sedimentation in Ostfriesland durch
aolische Sedimente dominiert war, Uberwiegt im zentralen Norddeutschland subaquatische

Sedimentation, die den Einfluss des Rotliegend Sees widerspiegelt.

Die Ergebnisse dieser Studie zeigen, dass multidisziplinare Untersuchungen auf verschiedenen
Grolienskalen, die Uber standardisierte seismische Interpretation hinausgehen, als Basis flr eine

O6konomische Exploration von Tight Gas Reservoiren unumganglich sind.
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1. Introduction

1. Introduction

1.1. Rationale

Tight gas reservoirs (Fig. 1.1) play an increasing role in the global search for hydrocarbon
resources, by forming a vast but still underexplored and poorly understood resource base.
With conventional hydrocarbon reserves continuously decreasing, the global need for a better
understanding of tight gas reservoirs is of considerable economic value. Over the last years, the
interest in these specific plays has increased dramatically, particularly in the United States (Fig.

1.2), Canada, India and Northern Africa.
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Fig. 1.1: Left: Schematic geology of natural gas resources (compiled from EIA). Right: Resource
triangle for natural gas (Holditch, 2006).

However, there is a lack of a consistent definition of a tight gas reservoir. Law and Curtis
(2002) introduced a standard which defines low permeability sandstone reservoirs exhibiting a
permeability lower than 0.1 mD as tight for the United States. In contrast, the German Society
for Petroleum, Coal Science and Technology (DGMK) established the critical value for a tight
sandstone at 0.6 mD (Naik, 2005). Holditch (2006) defines a tight gas reservoir as “a reservoir that
cannot be produced at economic flow rates nor recover economic volumes of natural gas unless
the well is stimulated by a large hydraulic fracture treatment or produced by use of a horizontal
wellbore or multilateral wellbores.” Despite the scientific and financial challenges, the importance
of tight gas reservoirs has been recognized during the last years and great efforts concerning
economic exploration and production has been made, especially in the United States. According
to Law (2002), Haines (2005) and Holditch (2006), the contingent of natural gas recovered from
tight gas reservoirs is significant and economically considerable, ranging between 15 and 20%

(Fig. 1.2).
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1. Introduction
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Fig. 1.2: Left: Resource triangle for tight gas in the U.S. (Holditch, 2006). Right: U.S. natural gas
production, 1990-2035 in trillion cubic feet per year (EIA, 2011).

In the Southern Permian Basin (SPB) in northern Germany (Fig. 1.3), tight gas reservoirs in aeolian
sediments represent the main target for the Rotliegend gas exploration. Reserves are estimated
to range between 100 and 150 billion cubic metres (BGR, 2009). Hydrocarbon generation from
Westphalian source rocks started during the Early Triassic in deep graben areas. Migration into
highly elevated horst blocks was delayed until the Late Cretaceous (Schwarzer and Littke, 2007).
Previous studies by Gaupp et al. (1993) and Gaupp and Solms (2005) proposed that during
diagenesis reservoir rocks might have undergone increased degradation of permeability and
porosity due to cross-formation fluid flow and associated enhanced cementation in the vicinity
of major faults. Fault-associated cements include illite, chlorite and kaolinite. The processes and
timing of this diagenetic effect and its relation to the stress induced fluid pathways are not fully
understood at this time.

A possible result of diagenesis and the structural evolution of a play is the development of
compartments within the reservoir leading to decreased connectivity and poor reservoir quality.
Identification of migration boundaries in reservoirs and unravelling potential controls on their
formation plays an important role in today’s hydrocarbon exploration. However, it is not always
possible to make a precise prediction of the reservoir properties relying solely on seismic
data. Although information from cores and wire line logs improve calculations, fast decreasing
production rates can often not be satisfactorily explained or predicted. Common solutions involve
the drilling of additional expensive wells and the application of hydraulic fracturing techniques.
Consequently, a qualitative analysis of tight gas reservoirs requires the establishment of integrated

multidisciplinary, multiscale approaches beyond standard seismic interpretation.
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1. Introduction

1.2 Objectives

This study focuses on a Rotliegend tight gas field in East Frisia in Northern Germany (Fig. 1.3).
The main objective lay on the question to which extent seismic data provides information about
reservoir properties and reservoir quality. To improve the understanding of early diagenetic
processes, development and evolution of hydrocarbon reservoirs in arid climate settings, a
modern analogue of the Northern German study area was identified and analysed in the western
United States. Results were compared to the information from seismic data and well data of the
tight gas field in East Frisia.

In contrast to the large scale approach analysing seismic data on the regional and reservoir scale,
a workflow investigating microporosity combining Scanning Electron Microscopy-Broad lon Beam

(SEM-BIB) and optical microscopy was developed in the course of the study.

During the project period of three years the following challenges came up:

[1] Evaluate if seismic data provides enough information about reservoir properties/quality of the
tight gas field in Northern Germany.

[2] Develop an upscaling workflow that quantifies porosity and establishes a link between Scanning

Electron Microscopy — Broad lon Beam (SEM-BIB) and optical microscopy.

" dune, sandflat

. saline mudflat

= perennial saline lake

[0 alluvial fan, ephemeral stream
depositional area, general
area of non-deposition

fault
sediment supply

Fennoscandia

- Netherlands Low
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- Hessian Depression
- Saale Depression

- NeiRe-Bobr Low

Variscides

Fig. 1.3: Palaeogeography and general facies distribution of the Upper Rotliegend Il Elbe Subgroup
(compiled from Ziegler, 1982; Glennie et al., 2003 and Stollhofen et al., 2008). NPB: Northern Permian
Basin, SPB: Southern Permian Basin. The white star marks the study area.
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1. Introduction

1.3 Thesis Outline
The thesis is organized into 7 chapters, which include self-contained information in the main

chapters and are summarized in chapter 7.

In Chapter 2 available data, methodology and tools are introduced.

Chapter 3 deals with the question whether seismic attribute analysis can provide a direct link to
reservoir quality in the study area. An approach for the detection of compartmentalised reservoirs
in aeolian deposits based on 3D seismic data is introduced. Time-slices are used to delineate
potentially useful polygonal boundaries that may help to identify porosity and permeability
compartments. By examining amplitude-dependant attributes of horizon slices and surfaces it
is possible to map these patterns and take them into consideration for further reservoir analysis.
Concerning future field exploration this study provides novel constraints to locate future well sites.
The approach presented can be applied in exploration and production in general and to tight gas

plays in geologically similar areas worldwide.

In chapter 4, reasons for the compartmentalisation of hydrocarbon reservoirs are investigated on
the example of the Upper Rotliegend Il tight gas field in northern Germany that was discussed in
chapter 3. Seismic analysis of the reservoir interval reveals the presence of conspicuous polygonal
features, representing fault- and fracture systems, which potentially channelise fluid flow and
thus may control reservoir quality. To improve the understanding of the origin and evolution of
the Rotliegend polygonal systems, the area of the Death Valley National Park, California, United

States with the focus on the Panamint Valley region has been chosen as a modern field analogue.

Chapter 5 includes a sedimentary facies analysis of 4 wells situated in northern central Germany.
Results are compared to the study area in East Frisia to get a better understanding of the
sedimentary facies, palaeogeograpy and reservoir rock distribution in the Southern Permian

Basin during the Upper Rotliegend Il.

In chapter 6, a different approach for the analysis of the tight gas reservoir is chosen. In the
first chapters macroscopic data, seismic data and well data built the foundation for assumptions

about reservoir properties. In this chapter, the SEM-BIB (Scanning Electron Microscopy — Broad
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1. Introduction

lon Beam) technique is used to display pores down to nm-scale on polished surfaces (~area of
1.5 mm?). The ion beam preparation thus provides unprecedented insights into pore geometries
and morphologies of tight rock formations in general. In the first phase of the project, selected
pores on the polished surface of Rotliegend tight gas samples were investigated. Initially,
different phases of mineral growth could be identified and the relative timing of crystallisation
was established. Additionally, work focused on pore orientation analysis and stress indicator
identification using image analysis as a tool. As a first step, a workflow for an upscaling from the
SEM images to thin sections was developed with the intention to extend the routine step wise in

future work from thin sections to plugs, and plugs to cores.

Chapter 7 briefly summarises the results and conclusions of this thesis and provides an outlook

on future projects.

1.4 The Rotliegend of the Southern Permian Basin in Northern Germany
1.4.1 Tectonic Setting

The east-west trending Southern Permian Basin (SPB) extends from the United Kingdom across
the southern North Sea through northern Germany into Poland and the Baltic States. Its width
varies between 300 and 600 km (Fig. 1.3). Originally, the basin centre was located in Northern
Germany. Due to the ongoing basin development the depositional area enlarged towards the east
and west through time (Stollhofen et al., 2008). At its maximum extent the basin covered an area
of 429.000 km?2.

The thermal subsidence that followed the Lower Rotliegend bimodal magmatism in the SPB
throughout the Upper Rotliegend | was superposed by a new phase of extensional tectonics
starting with the Upper Rotliegend Il (Bachmann and Hoffmann, 1997; van Wees et al., 2000).
The re-orientations of plate boundary forces (Schneider et al., 1995a; Stollhofen, 2007) resulted
in the development of a widespread erosional unconformity underlying the Upper Rotliegend Il
strata in central and northern Germany (Schneider et al., 1995a; Gebhardt and Plein, 1995). At
least two of the four Altmark tectonic events during the deposition of the Havel/Elbe Subgroup
were associated with basaltic volcanism (Gebhardt et al., 1991, Fig. 1.4). Volcanic deposits
could be observed locally, situated beneath the reservoirs. The development of transtensive and
transpressive structures, frequently accompanied by soft sediment deformation were the result

of the Altmark tectonic pulses. Successive rifting events that ultimately caused the opening of
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1. Introduction

the Tethys and the Arctic-North Atlantic Oceans went along with localized thermal uplift of the
crust elsewhere and resulted in phases of enhanced heat flow, erosion and the development of
pre-Zechstein unconformities in regions bordering the Central European Basin (Stollhofen et al.,

2008).

1.4.2 Depositional Setting

The Upper Rotliegend Il of the SPB is dominated by siliciclastics and minor evaporites deposited
under arid to semi-arid climate (Glennie, 1972; 1983). Four facies associations were identified to
reflect the deposition in ephemeral fluvial (wadi), aeolian, sabkha and lacustrine environments
(George and Berry, 1993; Stromback and Howell, 2002; Legler, 2005; Fig. 1.3). According to Gast
et al. (1998) and Rieke (2001) a huge amount of sediment was supplied by aeolian transport
through strong easterly winds. In addition, the remaining relief of the Variscan Orogen and local

highs towards the south of the SPB sourced ephemeral fluvial systems that drained into the SPB.

The existence of a perennial saline lake in the central part of the SPB provided a major control
on base level changes in the SPB since the Dethlingen Subgroup (Fig. 1.4). Due to the low relief
of the lake margin areas, even small lake level fluctuations favoured considerable changes in
depositional facies. During the deposition of the Elbe Subgroup (Fig. 1.4), two third-order tectonic
cycles, Altmark Il and IV, consistent of 14 fourth-order transgressive and regressive cycles,
each with a duration of ~400 ka (Gast, 1995) record these lake level changes. During lake level
highstands claystones were deposited, whereas halite formation was dominant during times of
lake level lowstands and enhanced isolation. Lake sedimentation was accompanied by coastal-
parallel accumulation of sand belts, comprising successions of wet, damp and dry sandflats and
aeolian dunes with interdune deposits. The prevailing easterly and north-easterly winds played
an important role in the accumulation of aeolian deposits, respectively sand deflation in some
areas (Glennie, 1983). Characteristic events of short-term marine ingressions were proposed by
Legler (2005) on the basis of marine fauna (liebea reichei). According to Van Wees et al. (2000),
such short-term but widespread ingression of marine waters into the Upper Rotliegend Il saline
lake was only possible, because the basin floor of the SPB had already subsided below sea
level. Other explanations for the short-term marine events consider heavy storms or tsunamis in
combination with sea level highstands in the Arctic rift system (Stemmerik, 2001). The Munster

ingression represents an example of an ingression forced by tectonic movements as it did not
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1. Introduction

occur contemporaneous to a sea level highstand (Legler, 2005). In any case, the basin did not
achieve a fully marine character until the onset of the major Zechstein transgression.

With the Zechstein transgression, the dominantly terrestrial sedimentation of the Rotliegend
ceased and successive marine sedimentation cycles started (Stronmenger et al., 1996 and
Becker and Bechstadt, 2006). Zechstein deposits reach thicknesses of ~1500 m in the SPB
(Stollhofen et al., 2008).
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Fig. 1.4: Stratigraphic chart of the Upper Permian of Northern Germany (modified from Plein, 1995
and Legler, 2005; timescale according to Gast, 1995). Interval of seismic interpretation highlighted
in black. Reservoir interval in bold.
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1.5 Study Area

The Rotliegend graben/halfgraben system (Fig. 1.5) is overlain by a prominent unconformity that
developed during early Buntsandstein times (Fig. 1.6). Compared to the Permian, the orientation
of stress and deformation changed (Vackiner et al., 2011). The early Triassic was characterized
by the onset of thin-skinned extension (Lohr et al., 2008). The main phase of salt movement
started in the middle to late Triassic and continued throughout the Cretaceous (Mohr et al.,
2005) accompanied by salt withdrawal and downbuilding (Fig. 1.6). As a result of salt diapirism,
thicknesses of Zechstein deposits vary (Fig. 1.6). In front of major faults, wedge-like structures
can be observed where salt was trapped during the removal process (Vackiner et al., 2011). A
striking unconformity developed at the base of the Cretaceous (Voigt et al., 2008). Furthermore
salt rim synclines, adjacent to the salt dome suggest the presence of a topographic relief as a
result of salt piercing the surface (Mohr et al., 2007, Warren, 2008). Salt deformation still affected
the sedimentation during the Tertiary (Fig. 1.6).

S

Wells C1
&C2

b

Well E L
Well D L

Well F

Fig. 1.5: Overview of the interest area on 3D seismic data. Salt dome (blue-green), Top Rotliegend
surface (red) and wells A to E (yellow) displayed.
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Fig. 1.6: E-W oriented cross section with Well D sketched and major faults and reflectors interpreted. Rotliegend graben/halfgraben system

overlain by unconformity in early Buntsandstein times. Steady sedimentation until Base Cretaceous unconformity where high salt movement

causes downbuilding and the development of salt rim synclines. Base Tertiary affected by salt movement (Vackiner et al., 2011).
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2. Data and Methodology

This thesis is based on multidisciplinary field data. A brief overview of the available data sets and
the applied methodology is provided in this chapter. A description in greater detail is given in the

specific chapters.

The 3D seismic survey analysed in chapters 3 and 4 is located in East Frisia and is the result
of the merging of three individual data volumes acquired from 1995-2001. It covers an area of
~293 km?2. In addition to the data set in the time domain, a depth converted volume was available.
Analysis was mainly carried out in time domain due to the fact, that subtle information was lost
during later stages of processing, filtering and smoothing. Volumes of amplitude dependent and
amplitude independent seismic attributes were processed using standard seismic interpretation
software packages.

Wireline logs from seven wells and core material from four of these wells were available from
the East Frisia study area. Formation Micro Imaging/Formation Micro Scanner (FMS/FMI) data
are available from one of the wells. Core analysis discussed in chapters 3 and 4 was carried out
macroscopically. Differentiation between sedimentary environments is based on clay content and

internal structures such as grain size distribution and internal geometries.

Ground resistivity measurements in the Panamint Valley in California, United States (chapter 4)
were carried out using a “Lippmann 4-point light” geoelectrical instrument. Data was processed
with the Res2DInv software. Collected sediment samples were investigated by x-ray diffractometry
analysis (XRD), glycol dehydration and optical microscopy. In addition to the field work, satellite
images provided by the Google Earth Software (Google Inc., 2011) were taken into consideration.
Earthquake data was available from the United States Geological Survey Northern California

Seismic Network (USGS NCSN) Catalog (http://www.ncedc.org/).

Core material from 4 wells in northern central Germany (chapter 5) was analysed macroscopically
with the focus on the interpretation of the depositional sedimentary environment. Similar to the
cores discussed in chapters 3 and 4, differentiation between sedimentary environments is based

on differences in grain sizes and internal geometries.
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As described in chapter 6, SEM-BIB samples were polished using the JEOL SM-09010 (Erdmann
et al., 2006; Fig. 2) argon ion beam cross-section polisher and investigated with Zeiss-SUPRA
55 SEM microscope with secondary electron detector (SE), back-scattered electrons (BSE)
and energy-dispersive X-ray (EDX) (EDAX-Apollo10 SDD) detectors (Desbois et al., 2011).
Additionally, optical microscopy analysis was performed using a Leica DM 4500 polarisation
microscope. SEM-BIB and thin section images were evaluated with the focus on mineral and

porosity percentages with the JMicroVision software Version 1.2.7 (Roduit, 2011).

: lon beam Argon lon Beam
irradiation area

Shielding
plate

Sample

Polished
cross section

Fig. 2: The principle of BIB cross-sectioning. A: The ion beam irradiates the edge of sample un-
masked by the shielding plate to create high quality polished cross-sections suitable for SEM
imaging. B: Overview of a typical cross section performed by BIB cross sectioning (A: modified
after Desbois et al., 2011).
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3. Seismic Attribute Analysis for Detection of Highly
Compartmentalised Reservoirs

This chapter is mainly based on the publication: Philipp Antrett’, Alexandra Vackiner',

Peter Kukla', Stefan Back', Harald Stollhofen?. In press. Controls of reservoir compartmentalization of an
Upper Permian tight gas field in Germany and links to a modern analogue in the Western U.S. Petroleum
Geoscience.

'Geological Institute, RWTH Aachen University, 2North Bavarian Center of Earth Sciences, FAU Erlangen-
Nuernberg

Abstract

This chapter focuses on the facies architecture of a Permian tight gas field in the Southern Permian
Basin, East Frisia, Germany. To improve field development, 3D seismic, wireline and core data
were compared with a reservoir analogue in the Panamint Valley, United States. Depositional
environments of the Permian Upper Rotliegend Il include perennial saline lakes, coastal parallel
sand belts comprising wet, damp and dry sandflats and aeolian dunes with interdune deposits.
Polygonal patterns at different scales were observed on seismic horizon slices in the reservoir
intervals and the overlying Zechstein. Outlines of superordinate polygons coincide with interpreted
faults. Similar polygonal networks were identified on modern dry lakes in the western United
States. The kilometre long, metre deep fissures in the Panamint Valley, California, United States
are interpreted to originate from synaeresis and tectonics. Subsequently, the fissures were filled
with aeolian sediment. Vegetation along the lineaments indicates enhanced fluid circulation.
Such fissure systems may serve as fault grain and impact reservoir quality in terms of hydraulic
connectivity of reservoir compartments. For the Rotliegend reservoirs, porosity and permeability
were inverted/decreased by cementation along migration pathways during diagenesis. Permeability

barriers and compartmentalised reservoirs are a potential result of this development.

3.1 Introduction

Tight gas reservoirs play an increasing role in the global search for hydrocarbon resources,
by forming a vast, but still underexplored and poorly understood resource. With conventional
hydrocarbon reserves continuously decreasing, the global need for a better understanding of
tight gas reservoirs is of considerable economic value. Gas reservoirs in aeolian sediments
represent the main target for the Rotliegend gas exploration. In the Southern Permian Basin

(SPB) in northern Germany, hydrocarbon generation from Westphalian source rocks started
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during the Early Triassic in deep graben areas. Migration into highly elevated horst blocks
was delayed until the Late Cretaceous (Schwarzer and Littke, 2007). Previous studies by
Gaupp et al. (1993) and Gaupp and Solms (2005) proposed that during diagenesis reservoir
rocks might have undergone increased degradation of permeability and porosity due to cross-
formation fluid flow and associated enhanced cementation in the vicinity of major faults. Fault-
associated cements include illite and kaolinite. The processes and timing of this diagenetic

effect and its relation to the stress induced fluid pathways are not fully understood at this time.

In this chapter, an approach for detecting compartmentalised reservoirs in aeolian deposits based
on 3D seismic data is provided. Time-slices are used to delineate polygonal boundaries that
may help to identify potential porosity and permeability compartments. By examining amplitude-
dependant attributes of horizon slices and surfaces, these patterns can be mapped and taken
into consideration for further reservoir analysis. Concerning future field exploration this study
provides novel constraints to locate future well sites. The approach presented can be applied in

exploration and production in general and to tight gas plays in geologically similar areas worldwide.

3.2 Geological Framework

3.2.1 Tectonic Setting

The east-west trending SPB extends from the United Kingdom across the southern North Sea
through northern Germany into Poland and the Baltic States. Its width varies between 300 and
600 km (Fig. 3.1). Originally, the basin centre was located in Northern Germany, but due to the
ongoing basin development, the depositional area enlarged towards the east and west through

time (Stollhofen et al., 2008). At its maximum extent the basin covered an area of 429.000 km?.

The thermal subsidence that followed the Lower Rotliegend bimodal magmatism in the SPB
throughout the Upper Rotliegend | was superposed by a new phase of extensional tectonics starting
with the Upper Rotliegend Il (Bachmann and Hoffmann, 1997; van Wees et al., 2000; Fig. 3.2).
The re-orientations of plate boundary forces (Schneider et al., 1995a; Stollhofen, 2007) resulted
in the development of a widespread erosional unconformity underlying the Upper Rotliegend Il
strata in central and northern Germany (Schneider et al., 1995a; Gebhardt and Plein, 1995). At
least two of the four Altmark tectonic events during the deposition of the Havel/Elbe Subgroup

were associated with basaltic volcanism (Gebhardt et al., 1991; Fig. 3.2). Volcanic deposits
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North Sea

Maximum extent of the Southern Permian Basin ﬁ{Study Area

Fig. 3.1: Map of Western Europe with the maximum extent of the SPB during the Upper
Rotliegend Il (modified from Ziegler, 1982). Star marks the study area. CZ: Czech Repubilic,
D: Germany, DK: Denmark, PL: Poland, UK: United Kingdom.

could be observed locally, situated beneath the reservoirs. The development of transtensive and
transpressive structures, frequently accompanied by soft sediment deformation were the result
of the Altmark tectonic pulses. Successive rifting events that ultimately caused the opening of
the Tethys and the Arctic-North Atlantic Oceans went along with localized thermal uplift of the
crust elsewhere and resulted in phases of enhanced heat flow, erosion and the development of
pre-Zechstein unconformities in regions bordering the Central European Basin (Stollhofen et al.,

2008).

The E-W seismic section displayed in Fig. 3.3 provides an overview of the structural framework
and the major stratigraphic units occurring in the study area. The N-S trending Rotliegend
graben/halfgraben system is overlain by a prominent unconformity that developed during
early Buntsandstein times (Fig. 3.3). Compared to the Permian, the orientation of stress and
deformation changed (Vackiner et al., 2010.). The early Triassic was characterized by the onset of
thin-skinned extension (Lohr et al., 2008). The main phase of salt movement started in the middle
to late Triassic and continued throughout the Cretaceous (Mohr et al., 2005) accompanied by
salt withdrawal and downbuilding (Fig. 3.3). As a result of salt diapirism, thicknesses of Zechstein
deposits vary (Fig. 3.3). In front of major faults, wedge-like structures can be observed where salt

remained in place during the removal process (Vackiner et al., 2010.). A striking unconformity
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developed at the base of the Cretaceous (Voigt et al., 2008). Furthermore, salt rim synclines
adjacent to the salt dome suggest the presence of a topographic relief as a result of salt piercing
the surface (Mohr et al., 2007; Warren, 2008). Salt deformation still affected deposition during the
Tertiary (Fig. 3.3).
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Fig. 3.2: Stratigraphic chart of the Upper Permian in northern Germany (modified from Plein, 1995
and Legler, 2005; timescale according to Gast, 1995). Interval of seismic interpretation highlighted
in black. Reservoir interval in bold.
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3.2.2 Depositional Setting

The Upper Rotliegend Il of the SPB is dominated by siliciclastics and minor evaporites deposited
under arid to semi-arid climate (Glennie, 1972; 1983). Four facies associations were identified to
reflect the deposition in ephemeral fluvial (wadi), aeolian, sabkha and lacustrine environments
(George and Berry, 1993; Stromback and Howell, 2002; Legler, 2005). According to Gast et al.
(1998) and Rieke (2001) a huge amount of sediment was supplied by aeolian transport through
strong easterly winds. In addition, the remaining relief of the Variscan Orogen and local highs
towards the south of the SPB sourced ephemeral fluvial systems that drained into the SPB.

The existence of a perennial saline lake in the central part of the SPB provided a major control
on base level changes in the SPB since the Dethlingen Subgroup (Fig. 3.2). Due to the low relief
of the lake margin areas, even small lake level fluctuations favoured considerable changes in
depositional facies. During the deposition of the Elbe Subgroup two third-order tectonic cycles,
Altmark Il and IV, consistent of 14 fourth-order transgressive and regressive cycles, each with a
duration of ~400 ka (Gast, 1995) record these lake level changes. During lake level highstands
claystones were deposited, whereas halite formation was dominant during times of lake level
lowstands and enhanced isolation. Lake sedimentation was accompanied by coastal-parallel
accumulation of sand belts, comprising successions of wet, damp and dry sandflats and aeolian
dunes with interdune deposits. The prevailing easterly and north-easterly winds played an
important role in the accumulation of aeolian deposits, respectively in sand deflation in some
areas (Glennie, 1983). Characteristic events of short-term marine ingressions were proposed by
Legler (2005) on the basis of marine fauna (liebea reichei). According to Van Wees et al. (2000),
such short-term but widespread ingression of marine waters into the Upper Rotliegend Il saline
lake was only possible, because the basin floor of the SPB had already subsided below sea
level. Other explanations for the short-term marine events consider heavy storms or tsunamis in
combination with sea level highstands in the Arctic rift system (Stemmerik, 2001). The Munster
ingression is documented as an example of a tectonic induced ingression due to the fact that it did
not occur contemporaneous to a sea level highstand (Legler, 2005). In any case, the basin did not
achieve a fully marine character until the onset of the major Zechstein transgression.

With the Zechstein transgression, the dominantly terrestrial sedimentation of the Rotliegend
ceased and successive marine sedimentation cycles started (Strohmenger et al., 1996; Becker
and Bechstadt, 2006). Zechstein deposits reach thicknesses of ~1500 m in the SPB (Stollhofen
et al., 2008).
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Fig. 3.3: E-W oriented cross section with Well D sketched and major faults and reflectors interpreted. Rotliegend graben/halfgraben system
overlain by early Buntsandstein unconformity. Steady sedimentation until Base Cretaceous unconformity where strong salt movement causes
downbuilding and the development of salt rim synclines. Base Tertiary affected by salt movement (Vackiner et al., 2011).

Carboniferous / Volcanics

32



3. Seismic Attribute Analysis for Detection of Highly Compartmentalised Reservoirs

3.3 Data and Methods

The analysis is based on multidisciplinary field data incorporating a 3D seismic reflection survey
(Fig. 3.4), wireline logs from 7 wells and sedimentological logging of cores from four wells. The
pre-stack time migrated seismic survey is the result of merging three surveys acquired in 1995,
1996 and 2001 that cover a total of 293 km?. After the merge, the trace length is 5 seconds and
the sample interval 4 milliseconds. The frequency of the data varies between 14-70 Hz. The bin
size is 25 x 25 m. In this study, all seismic data are displayed in SEG normal polarity (European
polarity), in which a positive amplitude represents a decrease in impedance and a negative

amplitude an impedance increase (Brown, 2001).

In the investigated study interval, every reflector was interpreted, followed by the generation of
series of horizon slices. Cubes of amplitude-dependent attributes (variance, ant tracking, relative
acoustic impedance) and amplitude independent attributes (3D curvature) were processed to
identify and display subseismic features that may influence reservoir properties. Colour schemes
were customized to emphasize small variations of the applied seismic attribute. The resolution
of the standard colour bar was extended by inserting additional colours in specific intervals of

interest (see Figs. 3.5.2 and 3.7).

The variance attribute was used to isolate edges (discontinuities in the horizontal continuity of
the amplitude) from the input dataset. The processed variance cube then served as input for the
calculation of the ant tracking cube using a filter size of 3 for the inline and crossline ranges and
a (mild) vertical smoothing of 15 samples.

Ant tracking was used to extract faults from the variance cube. The following parameters were
of concern for ant tracking: (1) The number of voxels chosen for the initial boundary, controlling
tracking detail; (2) the ant tracking deviations controlling the number of voxels investigated on
either side of its trace; (3) the ant step size defining the ant advances for each increment of its
search. Resolution decreases with increasing volume size; (4) the number of illegal steps that
defined how far an ant searched without reaching an edge; (5) the number of legal steps required
after an illegal step; and finally (6) the stop criteria controlling the termination an ant advance after
a certain percentage of illegal steps (between 0-50%). Two different variations of presets were
applied for the processing of the ant tracking attribute cubes. Firstly, the initial ant boundary was

set at seven voxels, an ant track deviation of two voxels and the ant step size of 3 voxels (passive
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Fig. 3.4: Upper image: 3D overview of the Top Rotliegend surface including the wells; Lower image:
2D map of the Top Rotliegend surface with profiles X-X" (Fig 3.3), Y-Y” (Fig 3.5.1). The red framed
area is shown in detail in Fig 3.7. The area located under the salt dome is sketched in white.
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ant tracking). The calculated cube was then processed a second time with the following presets:
an initial ant boundary of five voxels, the ant track deviation of two voxels and an ant step size
of three voxels (aggressive ant tracking). The stopping criteria for the first ant tracking was set at
5% with one illegal step allowed and three legal steps required. For the second process, the stop
criteria was 10% with two illlegal steps allowed and two legal steps required.

Analysis of the relative acoustic impedance attribute was primarily used for the identification of
unconformity surfaces and discontinuities. Furthermore, this attribute can indicate porosity or fluid
content in the reservoir (Buxton Latimer et al., 2000). Relative acoustic impedance was calculated
by running the integrated the seismic trace through a high-pass Butterworth filter with a hard-
coded cut-off at ten-times the sample rate.

The 3D curvature attribute was used in this study to highlight the rate of change of surface shapes
mapped as horizons. Tight, short wavelength curvatures delineated details within intense, highly
localized fracture systems. Broad, long-wavelenght curvatures enhanced subtle flexures on the
scale of 100-200 traces (Chopra et al., 2010). In this study, a vertical radius of 7 traces and
an inline/crossline radius of 1 (a comparison between neighbour traces) were chosen for the
generation of the minimum curvature.

All seismic attributes were projected on horizon slices for further interpretation and for fault and

fracture zone detection.

3.4 Results
3.4.1 Seismic Interpretation

The study area is divided by an elongated Zechstein salt dome striking north-south in the southern
part of the seismic survey and turning to east-west orientation in the north. In the Permian interval,
~0.5 to 1.0 km west of the saltdome, 6 wells were drilled into a structural high bordering the
major graben/halfgraben system in the east (Fig. 3.3 and 3.4). The maximum cumulative offset
of this NNW to SSE striking, WSW dipping, normal fault is ~900 m, involving the Carboniferous
basement. It is composed of a set of subparallel faults associated with relay ramps and pull-apart
basins (Vackiner et al., 2011). The fault system is not visible in the area where it is located below
the salt dome but its continuation can be mapped in the northern part of the survey. The graben
bounding faults on the opposite side, in the west of the interest area, are striking N-S, have a
maximum offset of ~700 m and dip towards the east. In the graben area, multiple faults with minor
offsets were mapped, the majority running NNW-SSE. Dipping directions vary between ENE and
WSW (Fig. 3.4).
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The amplitude horizon slices show a pattern of linear features that form a polygonal network, which
is often displayed as small linear depression on horizon slices as shown in Figures 3.5.1 and 3.5.2.
Except in the north-eastern part (north of the salt wall) the polygonal patterns preferentially occur
adjacent to reservoir rocks on Upper Rotliegend Il surfaces (Bahnsen/Dambeck, Top Rotliegend/

Base Zechstein and Top A2 Zechstein).
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Fig. 3.5.1: Section Y-Y’. Top Rotliegend horizon and faults interpreted. Black arrows indicate
locations of major outlines (see Fig. 3.6), mostly associated with faults on seismic surfaces. White
arrows mark positions of sub-ordinate outlines with no offset or amplitude variation.

By extracting the variance of the surfaces, the resolution of this pattern can be increased. Other
attributes such as chaos, intensity, cosine phase and instantaneous frequency show the pattern
only partly but not as complete as the variance attribute. Ant tracking in a combination of passive
and aggressive tracking with variance as input, displays the pattern on time slices in ~4.500 m
depth (Fig. 3.6). It matches the patterns observed on the variance cube slices. Furthermore, the
large-scale polygons, which show angles of 80-120°, comprise a pattern of subordinate smaller
ones. The minimum and maximum curvature attribute enables an even more detailed distinction
of the polygonal network into these smaller units. The polygons of smallest diameter are located
just south of the saltdome, increasing in size towards the south (Fig. 3.6). On time slices, the
features show a huge contrast in amplitudes compared to the surrounding strata. In the majority
of cases, the superordinate polygons are linked to faults with offsets between 35 and 900 m in
inlines and crosslines. Frequently, small depressions without offset accompany the fault tops and

in some cases no offset can be identified. Irregularities or variances in seismic amplitudes are
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hardly noticeable at locations of subordinate patterns (Fig. 3.5.1 and 3.5.2). On horizon slices,
lineaments continue across existing faults. The maijority of the lineations appear just south of the
salt dome and at least three orders of polygons were interpreted, ranging from diameters of <100
m, close to the minimum scale that is resolvable with seismic data, to several kilometres, (Fig.
3.7). Further south, the number of WNW-ESE striking lineaments decreases and the NNW-SSE
trending features prevail.

Orientation of the lineaments with the highest contrast in variance is NNW to SSE, conformable
to the trend of major faults. Angles between the lineations differ from 80 to 120°. The horizontal
diameter of the influence of a single lineament ranges 50 to 250 m. Their influence on the

underlying is noticeable for a minimum of 50 ms down from the Zechstein to the reservoir vicinity.

ant tracking
=L o W

amplitude

B o

Fig. 3.5.2: Polygonal pattern on cropped seismic volume of an ant tracking z-slice in the foreground.
Effect of pattern displayed in vertical seismic line: negative relief of the reflectors not in all cases
accompanied by faults. Sometimes no change in amplitude occurs at all. Top Rotliegend horizon
sketched in black, faults in red.
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Fig. 3.6: Polygonal pattern on curvature (left) and ant tracking (right) of Top Rotliegend surface. Acquisition artefacts in the northernmost and
southern part on the curvature image. Pattern is displayed in higher detail in Fig 3.7.
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3.4.2 Core and wire line log data

Gamma Ray (GR) and Sonic curves from the reservoir interval of Well C1 are compared with
the sedimentary facies interpretation shown in Fig. 3.8. Gamma Ray and Sonic logs show
characteristic maximum peaks corresponding to clay-dominated intervals. Because of the limited
vertical resolution of the logs the dense interbedding of different sandflats with varying clay
contents can often not be resolved. Minimum GR values are characteristic for intervals consisting
of sheetflood deposits and thicker dune successions.

Clay content determination was carried out macroscopically. Due to the varying deviation in
Well C2, results do not provide very reliable numbers of clay content, but give an impression
of the depositional environment. The total clay content was assigned as the major criteria for
the subdivision of sandflat facies. The determined percentages of min/max amounts of clay in
the different sedimentary environments: ponds 95-100%, mudflats 50-95%, wet sandflat 21-35%
and damp sandflats 10-20%. Consequently, Core C1 contains 42% of “wet deposits” (ponds,
mudflats, wet and damp sandflats), 44% “dry deposits” (dunes, dune bases, dry sandflats) and
14% of channelised fluvial deposits. Core C2 comprises 41% “wet deposits”, 47% “dry deposits”
and 12% fluvial deposits. The clay content of the wet deposits was estimated at 40-51% for core
C1 and at 35-48% for core C2. Carbonate contents in the different successions are 0 to 19.6%

and anhydrite varies from 0 to 4.4% in Well C2.

In the depth interval, where the polygonal patterns were mapped on seismic horizon slices,
mudcurls are present in the cores. These characteristic indicators for desiccation processes
provide a hands-on example of mudcracks developed in the Upper Rotliegend Il of the SPB
in Northern Germany. Furthermore, fluid escape structures and injected sands in clay layers
suggest pre-diagenetic dewatering. While no core is available from the polygonal pattern, the large
diameter of the zones influenced by the polygonal pattern could cause a problem in identifying

these in cores without considering the information provided by seismic data.

The facies distribution identified in cores of Wells C1 and C2 suggest that the depositional
environment of the Upper Rotliegend Il in the study area was characterized by a large and shallow
perennial lake with variable salinities (Fig. 3.8). This lake has been fringed by sand belts that
comprise successions from wet, damp and dry sandflats to aeolian dunes with interdune deposits.

This setting facilitated the development of kilometre-long cracks, reaching several metres of depth.
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Fig. 3.8: Gamma Ray, Sonic Log and sedimentary facies interpretation of Well C1 plotted on the
left. Characteristic images of sedimentary facies from the cores on the right. Numbers below the
images refer to locations in the log.
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In the cores, dune successions rarely exceed >2 m thickness. In general, dune preservation in
continental basins depends mainly on the rise and fall of the water table and tectonic subsidence
(Kocurek, 1999; Kocurek et al., 2001). The presence of numerous barchanoid dune sets indicates
that either sediment supply and accommodation space were limited and/or wind velocities were

high during the Upper Rotliegend .

3.4.3 Modern Analogue

Satellite images and aerial photographs provide a suitable modern analogue. Similar patterns
of lineaments, often converging to polygons, have been depicted on satellite images and aerial
photographs of dry lakes in the western United States. The closest analogues were identified
on the playa surface of North Panamint Valley in Death Valley National Park, California and
have been previously described by Neal et al. (1968) and Messina et al. (2005). Huge, up to
kilometre-long cracks with several metres depth developed as a result of multiple wetting and
drying cycles close to the sediment-water interface (Pratt, 1998). Desiccation from water table
reduction or climatic factors and the accompanying swelling and shrinking of clay minerals played
an important role in this genesis. Messina et al. (2005) discuss that this type of crack development
is initiated in the subsurface. Due to the repeated change in clay volume through drying and
dewatering, fractures develop in the surrounding sediment, and the fissures start to grow towards
the playa surface. Neal and Motts (1967) state that polygon dimensions depend on the ephemeral
or long-term nature of desiccation. Furthermore, besides synaeresis processes, earthquakes are
often considered to trigger the genesis and evolution of these cracks (Messina et al., 2005; Pratt,
1998). On the example of the Panamint Valley, the association of crack endpoints with metre-
sized mud volcanoes supports the idea of a tectonic contribution to crack formation. According to
Rowell et al (1969), abrupt mechanical stress is seen as a major trigger for clay liquefaction and
dispersion, which is essential for mud diapir development. The development of cracks initially
in the subsurface and finally towards the playa surface, is therefore likely associated with the
development of fractures in the surrounding sediments. In their later stage of evolution, the
fissures are refilled by aeolian sediment, blown in by wind. Increased growth of vegetation is
noticed along the lineaments (Messina et al., 2005).

Detailed field work in the area reveals that the maximum length of single fissures that build up
the polygons in Panamint Valley is approximately one kilometre. Superordinate polygons with

diameters of some hundreds of metres can be subdivided in numerous smaller ones with diameters
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Satellite Images - Panamint Valley Seismic - Top Rotliegend (variance)

Fig. 3.9: A: Different scales of polygonal patterns on satellite images of the dry lake in Panamint
Valley vs. polygonal pattern on the Top Rotliegend surface. B: Zoom into an area where subdivisions
of major polygons are visible. C: Subdivisions of polygons with diameter of down to tens of metres
on satellite images and seismic surface. Image © 2010 Google and DigitalGlobe.

of only some tens of metres (Fig. 3.9). Angles of intersections vary from 80 to 120°. Configuration
and shape of the polygonal patterns and associated fissures were discussed by Neal et al. (1968).

The influence of the wetting and drying effect beneath modern earth fissures was noticed down
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to a depth of up to 8 m in a study using resistivity measurements in the Chihuahuan Desert
(Langford and Eshete, 2000).

Cracks, which build polygons of different scales, can be observed on satellite images of dry lakes
in Arizona, Nevada, California, New Mexico and Oregon, United States. (Fig. 3.10). Without a
certain saline and clay content, the genesis of desiccation cracks in playa lakes is impossible
(Kocurek and Hunter, 1986). In this regard, clay content and evaporite content estimated from
core analysis (see core and wireline line log data and Fig. 3.8) and during previous studies by
Gaupp et al. (1993) match the numbers proposed by Neal et al. (1968) for the genesis of giant

desiccation polygons in Great Basin playas, western United States.

3.5 Discussion
3.5.1 Formation of polygonal networks and tectonics

Although synaeresis is a process that is not fully understood, the model by Cartwright et al.
(2003) provides a convincing explanation for the formation of a polygonal fault system in three
major steps: 1. Heterogeneity in the sedimentary layers is generated by synaeresis processes.
2. The resulting difference in competence of the layers serves as a weakness zone and provides

preferred location for stress release and faulting during step two. 3. The weakness zones develop

into a polygonal fault system during further sedimentation and increased sediment load.

Fig. 3.10: Polygonal pattern on satellite image of Guano Lake, Oregon, U.S. Different dimensions
of cracks on the surface of the dry lake. Major polygons are subdivided into smaller ones. Satellite
image © 2011 Google, SIO, NOAA, U.S. Navy, NGA, GEBCO.
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Applied to this study, Cartwright et al.’s hypothesis implies that, at locations where no clear faults
occur or variation in seismic amplitudes can be recognized, and subordinate polygons are only
visible on variance, ant tracking and curvature horizon slices, the system is bound to step 1 of the
model; alternatively, minor sub-seismic faults with offsets below vertical seismic resolution may
have developed.

Polygonal patterns are also widespread in evaporites, e.g. associated with tepee structures on
dry salt lakes. Isopach maps clearly show that the polygonal patterns have not formed during
the Zechstein. The polygonal pattern is visible as a negative sediment thickness in the Upper
Rotliegend and as a positive thickness anomaly on the A2 Zechstein isopach map (Vackiner et
al., 2011). In addition, it is obvious on seismic cross sections that the negative relief of the major

polygon outlines developed in the Upper Rotliegend Il is evened by the Zechstein sedimentation.

The processes responsible for the development of the kilometre long and metre deep cracks on
desert playas are not yet completely understood. Messina et al. (2005) state that the evolution
of the cracks is initiated by synaeresis and starts in the subsurface with fissures, caused by
multiple episodes of wetting and drying of sediments. The swelling of clay-rich sediments has a
fracturing effect on the surrounding strata. As a result, a halo-like fractured area develops around
first-generation fissures. Early subsurface fissures expand during multiple wetting and drying
cycles towards the surface. Some subsurface fissures may break through the playa surface. An
increased fluid circulation might develop in fissured areas, which, depending on the processes,
causes solution and cementation of minerals during later development (Fig. 3.11).

A second mechanism for the development of cracks on dry lake surfaces is desiccation. In contrast
to synaeresis, this process is initiated by mud shrinkage during atmospheric drying of the lake
surface (Plummer and Gostin, 1981; Fig. 3.11).

After the initial development of cracks at the surface, there is a contrast in competence between
the sediment fillings of the cracks and the surrounding lake surface, independent of whether
they result from synaeresis or desiccation processes. For further fault development, Cartwright et
al.’s model (2003) gives a plausible explanation (Fig. 3.11). The evaporite contents measured in
core C2 (0-4.4 % anhydrite and minor halite; Gaupp and Fischer, 2000) are considered to be too
low to provide the exclusive mechanism for the development of the polygonal pattern. However,
the thermal strain, resulting from volume contraction, might support the processes (Kocurek and

Hunter, 1986). A higher initial evaporite content, decreased by later solution during fluid circulation,
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could not be identified by core analysis or thin sections analysis (Gaupp and Fischer, 2000). A

development that includes synaeresis and desiccation is therefore proposed.

3.5.2 Implications of polygonal networks for reservoir quality

Rotliegend reservoir compartmentalisation through subtle transfer faulting in the Dutch offshore
was discussed by Geiss et al. (2009). On the Top Rotliegend horizon slice of the K4-K5 North Sea
sectors, Geiss et al. interpreted transfer faults intersecting major faults at angles of 80 to 120°.
These faults show hardly any vertical offset, affecting the Rotliegend, but an offset is visible in the
Westphalian. Although these faults are more linear then those in this study area, the degree or
lack of vertical displacement is similar.

In the investigated data a negative relief that affects 3 to 4 seismic reflectors in in- and crosslines
is recognized at locations where fissures can be observed on horizon slices. Hustoft et al.
(2007) found these associations at fluid migration pathways (sometimes referred to as pipes)
in the Miocene Kai Formation, capping polygonal fault systems of the mid-Norwegian margin.
The pathways were accompanied by a positive relief ~0.3 ms TWT below the negative bulge.
Amplitude variations along the pipes, as they were recognized by Hustoft et al. (2007), can not be
observed in the data set. Hustoft et al. interpret the pipes to represent pathways for gas with the
change in amplitude, resulting from certain gas contents in the tubes. In some cases locations of
mud diapirs coincided with such “pull down” effects. In the Panamint Valley, mud diapirs are also

located at endpoints of fissure-building macropolygons (see also Messina et al., 2005).

The timing of diagenesis in the northern German Rotliegend Il suggests that the general trend of
porosity inversion of initially highly porous sediment through enhanced fluid flow and cementation
(Gaupp et al., 1993; Gaupp and Solms, 2005) can be applied to the cementation and porosity
development of former sandy fissure-fills and weakness zones in this study.

Verschuren (1992) reported fluid flow along polygonal faults, based on observations of displaced
microfossils in fault gouge. Edwards et al. (1993) discussed porosity reduction in the Permo-
Triassic Hopeman Sandstone (Moray Firth, Scotland) through enhanced cementation of
deformation bands, forming permeability barriers. The degree of cementation and porosity
reduction is strongly related to the proximity of a major fault zone. Although deformation bands
can not be observed in the cores, the polygonal fissure system might provide fluid pathways, and

thus be influenced by fluid migration along a nearby fault zone.
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Fig. 3.11: Simplified model for the development of the polygonal pattern depicted on horizon slices
in the Upper Rotliegend Il of the Southern Permian Basin. 1) Initial setting: Dry lake with coastal
parallel dune belts. Episodic rainfall but mainly arid climate. 2) (a) During desiccation, cracks develop
on lake surface. (b) In contrast fissure generation by synaeresis can start in the subsurface caused
by multiple wetting and drying cycles. Cracks develop upwards. Fissures often accompanied by a
fractured halo (displayed as dark shade). Some reach the surface and cause cracks on the surface.
3) Cracks build polygons on surface; dimensions: cm to km. Cracks are filled by sand, blown in
by wind from dunes and clay. Stress increases due to overburden resulting in dewatering of clays.
Fluid circulation increases near cracks and in their influenced surrounding, in case of syneresis
(b) induced fissures also in the subsurface. 4) Competence contrast between crack-filling and
surrounding and fractures developed during crack formation serve as preferential locations of fault
development. With increasing overburden and stress, faults develop in some locations of former
cracks, in certain areas creating a polygonal fault system. In other areas the polygonal fault system
remains in the immature state. Serving as fluid pathways an increased cementation took place in
some of the faulted/fissured areas (indicated by point clouds).
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Subtle fissures, hardly resolvable in seismic data, may lead to new strategies for Rotliegend
hydrocarbon exploration in the SPB and geologically similar areas worldwide. Assuming that the
described polygonal structures develop to subtle migration barriers with increased cementation
during a later stage of evolution, they could lead to increased estimations of the recoverable

volume in reservoir modelling.

Such a decrease of reservoir quality as described above is recorded in the cores of Well C1
and C2 (Gaupp et al., 1993; Gaupp and Solms, 2005). In this study the proximity to a fault zone
seems to play an important role as reservoir successions of well C1, located ~300 m closer to
the main fault than Well C2 (Fig. 3.4), show lower porosities and permeabilities than stratigraphic
equivalent core intervals of Well C2 (Gaupp et al., 1993; Gaupp and Solms, 2005). In this case, the
development of permeability barriers due to increased cementation along original fluid pathways

might be the major effect causing the compartmentalisation of the reservoir.

3.6. Conclusions

Results of the sedimentary analysis of cores and logs coincide with the existing depositional
model of earlier studies of the Rotliegend in the SPB of northern Germany (Glennie, 1986; Plein,
1995). In summary, the playa lake environment in Panamint Valley, United States, provides a
modern analogue to the Upper Rotliegend Il interval in the interest area. Based on this, | conclude
that some of the linear depressions that do not show offsets on seismic sections are most likely
the result of mud diapirism. The fact that the smallest identifiable polygons are noticed just south
of the salt wall matches the results of the minimum palaeorelief reconstruction by Vackiner et al.
(2011), which identified this region to represent a topographic low and potential depocentre in
the interest area. Observations of modern dry lakes on satellite images support the point that the
most differentiated networks of cracks are associated with depressions on ephemeral dry lakes.

Based on the presented results, a new model involving lineaments building up polygonal patterns,
m to km scale presented on horizon slices of seismic data in the reservoir vicinities and their
surroundings at ~4.500 m depth is developed. With the focus on multiple amplitude-dependant
attributes to seismic z-slices these patterns are displayed although their lateral extension is below
vertical seismic resolution. | propose these pattern to display sub-seismic faults or fissures, whose
originally good reservoir quality was inverted during diagenesis through higher cementation. This

might have a strong influence on hydrocarbon migration and consequently on hydraulic field
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connectivity, pressure gradients and hydrocarbon production. Concerning the planning of future
well sites, intensive seismic attribute analysis applied to surfaces and z-slices strongly improves
the quality of an evaluation process. Furthermore, this new insight into sub-seismic faulting and
fracturing helps avoiding difficulties while drilling into highly cemented rocks in future prospects.
Regarding reservoir quality prediction, this study provides an approach for re-evaluating tight gas

fields in similar areas worldwide.
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4. Impact of Arid Surface Mega-Cracks on Hydrocarbon Reservoir
Properties
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Reservoir Properties. AAPG Bulletin.
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Abstract

The mega-crack pattern of ephemeral dry North Panamint Lake, California, United States, is
characterized by variably sized polygons with diameters ranging from kilometres to metres. The
evolution and subsurface extent of this polygonal pattern and a potential tectonic link is examined
by ground resistivity measurements and surface mapping. Crack development is initiated by
shrinking of clays due to changes in water content near the surface. For crack evolution the
following processes are proposed: Cavities develop at ~1 m (3ft) depth during a subsurface
phase, followed by the collapse of the overburden into the existing cavities to form the surface
cracks. Cracks are filled by wind-blown sand and dried-out lake sediments from collapsing crack
walls. Following burial, differences in competence between crack-fill and surrounding playa
lake sediments provide zones of structural weakness that might channelise stress release and
faulting. Ground resistivity measurements confirmed the extent of the cracks to a depth of more
than 3 m (9 ft). The mega-crack pattern is compared to a Rotliegend (Upper Permian) tight gas
field, located in the Southern Permian Basin (SPB) of NW Germany, situated in a comparable
geological setting. There, a multi-directional, polygonal pattern is recorded on horizon slices of
3D seismic data and compares well to our observations from the Panamint Valley. The Rotliegend
pattern is associated with low-offset faults, which are thought to be responsible for subtle reservoir

compartmentalisation.

4.1 Introduction

The identification of compartmentalised reservoirs and the understanding of potential controls
on their formation plays an important role in developing hydrocarbon fields. However, it is not
always possible to predict reservoir compartmentalisation based solely on seismic data. Although
information from cores and wire line logs improve our understanding of compartmentalisation,

rapid decline of production rates can not often be satisfactorily explained or predicted. Common
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solutions for maintaining production rates involve the drilling of additional, expensive wells and
the application of hydraulic fracturing techniques. A better understanding of how a reservoir is
compartmentalised could allow for more efficient well and completion designs.

In this study, reasons for the compartmentalisation of a Rotliegend Il (Upper Permian) tight gas
field in northern Germany (Fig. 4.1) are investigated. The reservoir rocks in this field are of fluvio-
aeolian origin and were deposited in the marginal areas of a playa lake under arid conditions
(Vackiner et al., 2011). Seismic analysis of the Rotliegend reservoir reveals the presence of
conspicuous polygonal pattern which potentially channelise fluid flow and thus may control

reservoir connectivity.
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Fig. 4.1: Stratigaphic chart of the Upper Permian in Northern Germany on the left (modified from
Plein, 1995, timescale according to Gast, 1995). Right: Maximum extent of the Southern Permian
Basin (modified after Ziegler, 1990). Study area displayed in Figure 2 marked by the star. D: Germany,
F: France, NL: Netherlands, PL: Poland, UK: United Kingdom.

The multi-directional pattern addressed as polygonal pattern in this study does not represent a
typical polygonal pattern as it is known from attribute maps of polygonal fault systems from the
Tertiary of the North Sea (Dewhurst et al., 1999) or the opal-A to opal-CT boundary from offshore
Norway (Davies et al., 2009) in shallower depths. The term furthermore describes the pattern that
is visible on TWT surfaces composed of the outlines of faults and sub-seismic features of varying
orientations.

To gain a better understanding of the origin and evolution of the Rotliegend polygonal fracture
systems, the Panamint Valley in California, near Death Valley has been chosen as a modern field

analogue where modern, large-crack systems are directly accessible at the dry lake surfaces.
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Similar to their ancient analogues, the modern polygonal crack systems extend laterally over
several kilometres (miles) with a maximum polygon diameter of several metres and a maximum

depth of > 1 m (3 ft), making them clearly visible on satellite images of the Panamint lake surface.

4.2 Depositional Settings
4.2.1 Tight gas Field Study Area

The Upper Rotliegend Il strata in northern Germany were deposited in a compartment of the E-W
trending SPB extending from the United Kingdom across the southern North Sea through northern
Germany into Poland and the Baltic States. Its width varies between 300 and 600 km (~190 and
370 mi; Fig. 4.1). The basin centre was located in Northern Germany. As the basin developed, the
depositional area enlarged from the centre towards the east and west through time (Stollhofen et
al., 2008). At its maximum extent during the Late Upper Rotliegend I, the basin covered an area

of ~429,000 km? (~170,000 mi?).

Sedimentation during the Upper Rotliegend Il in the SPB was dominated by siliciclastics and
minor evaporites. The arid to semi-arid climate controlled the depositional environment (Glennie,
1972). Ephemeral fluvial (wadi), aeolian, sabkha and lacustrine environments were identified as
the four major facies associations by George and Berry (1993), Strdomback and Howell (2002) and
Legler (2005). Glennie (1983), Gast et al. (1998) and Rieke (2001) stated that a huge amount
of sediment was supplied through aeolian transport by strong winds from the east. Furthermore,
ephemeral fluvial systems draining into the SPB were sourced by the Variscan Orogen and local

highs towards the south.

Initiated during deposition of the Dethlingen Formation (Fig. 4.1), a perennial saline lake located
in the centre of the SPB had a major impact on base level changes. As a result of its low relief,
even small lake level variations caused considerable lateral shifts in depositional facies. The
record of these shifts is expressed in two third-order tectonic cycles, divided by the Altmark IlI
and |V tectonic events, consisting of 14 fourth-order transgressive and regressive cycles, each
with a duration of ~400 ka (Gast, 1995) during the deposition of the Elbe Subgroup (Fig. 4.1).
Lake level highstands can be identified by the deposition of claystones. Lake level lowstands
and insolation are recorded by halite sedimentation. The ephemeral lake margins were fringed
by sand belts comprising successions of wet, damp and dry sandflats and aeolian dunes with

interdune deposits.
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sub-salt sub-salt

Fig. 4.2: 1) Overview of the German study area. Variance map displayed on the left. Schematic
sketch on the right: Major faults in black. Minor faults in red and additional linear features that can
not be identified in seismic cross sections in blue. 2) Zoom on profile A-A’ location on the left. Cross
section A-A’ on the left. Arrows mark locations of the polygonal pattern. A significant offset is not
visible in all locations.

The tight gas field is located at the south-western margin of the SPB. During the Elbe Subgroup
the sedimentation in the area was dominated by dunes, sandflats and saline mudflats but without a
permanent connection to the great perennial lake at the centre of the SPB (Ziegler, 1982; Glennie
et al., 2003). Vackiner et al. (2011) showed evidence of Upper Rotliegend fault activity in the area
of interest based on isopach maps. These maps clearly indicate maximum sediment thickness

contrasts of ~250 m (820 ft) between hanging- and footwall of N-S and NNW-SSE trending fault
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zones. Furthermore, a basin that served as a depo-centre during the Upper Rotliegend was
identified in the central study area (Vackiner et al., 2011).

A multi-directional pattern with polygonal symmetries of different scales can be observed on
seismic horizon slices extracted along the top reservoir horizon at ~4.5 km (2.8 mi) depth. Diverse
seismic attributes, e.g. variance and ant tracking, strengthen their occurrence. Observed polygon
sizes range from kilometres to tens of metres. Large-scale polygon-outlines are associated with
faults in seismic sections (Fig. 4.2). The subdivision of large polygons into smaller ones is best
developed and most sophisticated in the centre of the study area, at the location where Vackiner
et al. (2011) identified a depression during the upper Rotliegend. The polygonal pattern does not

prevail towards the edges of the seismic survey, to the north and south (see Chapter 3).

4.2.2 Panamint Playa

Panamint Playa is located in the Panamint Valley, California, a north-south striking pull-apart basin
in the south-western Great Basin, United States, which represents one of the active grabens that
lie within the Basin and Range Province (Smith, 1976). Itis located in a zone of active transtensive
deformation along the North American plate boundary (Reheis and Sawyer, 1997).

The Panamint Valley is separated from Death Valley in the east by the Panamint Range, from
Searles Valley to the southwest by the Slate Range and from Owens Valley in the west by the
Argus and Coso Ranges (Smith, 1976; Fig. 4.3). Holocene slip rates for the Panamint Valley Fault
Zone, based on offset drainages developed on Holocene alluvial fans by Zhang et al. (1990)
indicate a slip rate of 2.5 + 1 mm/yr (0.098 £ 0.04 in/yr). Similar values of 2.5-2.7 mm/yr (0.098-
0.107 in/yr) long-term slip rate at the Hunter Mountain Fault Zone (Fig. 4.3) from the Pliocene are
reported by Burchfiel et al. (1987). Densmore and Anderson (1997) postulate a late Quaternary
slip rate of 0.4-0.5 mm/yr (0.016-0.02 in/yr) for the Ash Hill Fault Zone (Fig. 4.3). Since 1982,
the Unite States Geoligical Survey Northern California Seismic Network (USGS NCSN) Catalog
(http://www.ncedc.org/) recorded ~3286 earthquakes in an area 50 x 50 km around Panamint
Springs. The maximum magnitude was 5.2. However, most of the quakes (3005/3286) ranged
between magnitudes 1 and 2. Only ~12 earthquakes with magnitudes of 2.3-3.2 were located in
the northern part of the Panamint Valley. The hard and smooth surface of Panamint Playa dry
lake at an elevation of ~460 m (1509 ft) above mean sea level is composed of clay, silt, and minor
fine-grained sand (Motts and Carpenter, 1968; Smith, 1976). It comprises more plastic lacustrine

sediments of Pleistocene Lake Panamint at depth. Panamint Playa represents a typical dry lake of
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the south-western United States, with typical geomorphic features such as solution depressions,
drain holes, mud volcanoes, phreatophyte and spring mounds (Messina et al., 2005). However,
the most striking features are laterally extensive (>1 km, >0.62 mi) and deep cracks (>1 m, >3 ft)
on the playa. Neal and Motts (1967) discussed variations in the groundwater table, piezometric
surfaces, capillary effects and soil moisture as playing important roles in crack development.
According to Messina et al. (2005), synaeresis effects might initiate the development of these
mega-crack systems. The diameter of the polygons between the cracks ranges from metres to
hundreds of metres (several feet to thousands of feet). A4 m (~12 ft) drill core, just south of the
Panamint Buttes, shows predominant clay intervals in the lower 2.75 metres (9 ft) and slightly
coarser grained intervals of fine sandy silt and silty fine sand in the upper 1.25 metres (4.1 ft;

Jayko et al., 2008).

4.2.3 The Panamint Valley as an Upper Rotliegend field analogue

The Upper Rotliegend Il basin in NW Germany is bordered by NNW-SSE trending faults in the west
and partly in the east, constituting a ~7 km (4.5 mi) wide graben/halfgraben system (Fig. 4.4). A
pull-apart sub-basin with higher sediment thicknesses between antithetic oversteps is associated
with the eastern and western fault according to Vackiner et al. (2011). In addition, variable dip
directions and offset variations mapped along the fault in the centre of the graben/halfgraben
system indicate a left-lateral strike slip component (Vackiner et al., 2011; Fig. 4.4). Similar to the
structural setting of the Rotliegend depocenter in NW-Germany, the Panamint Valley is bordered
by the steeply dipping Ash Hill Fault Zone in the west and by the Panamint Fault Zone, that dips
0-15° W (Burchfiel et al., 1987; Hodges et al., 1989) to the east (Fig. 4.3). Close to the Hunter
Mountain Range, in the northern part of Panamint Valley, the Panamint Fault Zone changes its
strike from NNW-SSE towards WNW-ESE, accompanied by an increase of the right lateral strike
slip component (Burchfiel et al., 1987; Fig. 4.3). The basin width defined by the two bordering
fault zones varies from ~7 to 12 km (4.5-7.5 mi), comparable to the ~7 km (4.5 mi) width of the
Rotliegend basin in NW-Germany. In contrast to a topographic relief of up to 1700 m (5580 ft)
at Panamint Valley (valley floor to top of adjacent mountain range), the palaeorelief associated
with the Rotliegend basin in Germany were less pronounced, approaching a maximum of ~250 m

(820 ft; Vackiner et al., 2011).
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Fig. 4.3: A: Overview of the Panamint Valley including mountain ranges and major fault zones:
PVFZ: Panamint Valley Fault Zone, HMFZ: Hunter Mountain Fault Zone, AHFZ: Ash Hill Fault Zone
(after Jennings et al., 2010). Location of B framed in red. B: Zoom of northern part of Panamint
Playa. Ground resistivity profiles, mud diapirs and photo locations of Figure 4.10 highlighted (see
key for description). C: Two pairs of mud diapirs on Panamint Playa. Satellite images © 2010 Google
and DigitalGlobe.

A playa lake, dominated by clay deposition, is situated at the centre of northern Panamint Valley.
Striking features are huge cracks on the playa surface reaching lengths of >1 km and depths of
>1 m (3 ft). Mud diapirs, up to 1.2 m (3.9 ft) high and up to 2 m (6 ft) in diameter, occur in pairs
and are distributed randomly over the playa surface (Fig. 4.3). Alluvial fans descending from the
Panamint Range in the east and the Argus Range in the west provide coarse-grained material
that is shed over the playa lake surface at its borders. The sedimentary detritus shed from the

east and west comprises a high amount of basaltic to andesitic volcanics.

57



4. Impact of Arid Surface Mega-Cracks on Hydrocarbon Reservoir Properties

In cores from the Upper Rotliegend Il in Northern Germany, stacked dune deposits have maximum
thicknesses of ~2.5 m (8.2 ft) with varying dip directions, interpreted to indicate barchanoid dunes
and amalgamated dunes (Vackiner et al., 2011), very similar to the star to barchanoid dunes in the
Panamint Valley. Based on the facies distribution in cores, we concluded (Antrett et al., 2009) that
the depositional environment of the Upper Rotliegend Il in the area of interest was characterized by
the existence of a large but shallow perennial lake, fringed by sand belts, comprising successions
from wet, damp and dry sandflats to aeolian dunes with interdune deposits (Fig. 4.5). Possible
mud diapirs were identified on 3D seismic data in the northern German Upper Rotliegend Il, which
are largely similar in appearance to mud diapirs associated with a polygonal fault systems of the

Miocene Kai Formation offshore Norway (Hustoft et al., 2007).

salt dome

Wells C1
&C2

Fig. 4.4: Graben/halfgraben system of the German subsurface study area. Top Rotliegend surface
(TWT) displayed in red. Salt dome, wells and Fault Zones A to C sketched. Fault Zones were partly
active during the Upper Rotliegend. According to Vackiner et al. (2011), the offset of Fault Zone A
adjacent to the well locations C1 to F developed during the Triassic to Cretaceous and did not exist
during the Upper Permian.
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4.3 Data and Methods

At Panamint Valley, modern crack shapes and geometries were studied by measuring ground
resistivity profiles across the cracks. The advantage of the geoelectrical measurements compared
to surface observations is the ability to display the whole area influenced by crack evolution due
to the differences in resistivity. In this study, varying water contents of different sediments (clay
to sand) result in the resistivity variations mapped in the profiles. The resolvable interval ranges
from the surface down to the groundwater table, below which the resistivity contrast is diminished
due to high water saturation (Mazac et al., 1987). In addition to the vertical extent, the horizontal
extent influenced by the crack can be determined from resistivity measurements, because cracks
contain more water than the surrounding sediments. For the measurements, the “Lippmann
4-point light” geoelectrical instrument was used applying the dipole-dipole configuration with a
maximum of 80 electrodes (Zhou et al., 2000). Electrode spacing varied between 1.0 m (3 ft)
and 0.25 m (0.8 ft) to achieve (a) either a high resolution or (b) to collect information from greater
depth. Data was processed using the Res2DInv software (http://www.geoelectrical.com). Satellite
images and surveyed crack width and depth data were considered to determine preferred crack
orientations and/or possible links to fault activity. Sediment samples were taken from the cracks
and their vicinity for x-ray diffractometry analysis (XRD). Swelling clays were identified by glycol
dehydration measurements. Results were compared to sediment composition of equivalent

sediment facies from cores of the Rotliegend tight gas reservoir in northern Germany.

For the Rotliegend tight gas field in Germany, a 3D seismic survey covering 293 km? (114 mi?)
with a trace length of 5 s and a sample interval of 4 ms is available. The bin size is 25 x 25 m
(82 x 82 ft). Seismic data are displayed in European polarity: an increase in impedance gives
negative amplitudes, displayed as trough (Brown, 2001). For further investigations, the variance
seismic attribute was used. With the variance attribute, discontinuities in the horizontal continuity
of amplitudes can be displayed as they occur along faults or depositional features. With the
variance attribute discontinuities in the horizontal continuity of amplitudes can be displayed as
they occur along faults or depositional features. Additionally, a depth-converted version of the
seismic survey is available. Furthermore, wireline logs from 6 wells, core material from four wells
and Formation Micro Scanning/Formation Micro Imaging (FMS/FMI) data from one well are taken

into consideration.
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Panamint Valley, California Tight Gas Field, Germany
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Fig. 4.5: Comparison of sedimentary facies of the Panamint Valley and the study area in Germany.
Photo locations a-d marked in Fig. 4.3. Core photos of the Wells C1 and C2: (1) dune deposits,

(2) pond margin deposits with dune deposits migrating into the pond. Note the deviation. (3) damp
sandflat. (4) wet sandflat, (5) mudflat, (6) low energy fluvial deposits.
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4.4 Polygonal mega-crack systems

A polygonal crack pattern is obvious on satellite images of Panamint Valley (Fig. 4.3b, 4.6 and 4.7).
The pattern comprises lineaments, interfering at angles between 80 and 120°. Polygon diameters
range from several hundreds of metres to metres. In some parts of the playa, major polygons can
be subdivided into smaller ones. At least three dimensions of polygons, with diameters ranging
from kilometres to metres, can be identified on satellite images. From the Panamint Buttes (Fig.
4.3), the lineaments are clearly identifiable as cracks or bulges, often accompanied by lines of
vegetation (Fig. 4.7).

Satellite images from 1994, 2005 and 2009 indicate that the positions of the mega-cracks on the
playa surface are stable at least during this period of 15 years (Fig. 4.6). New crack development

seems to be the exception.

Fig. 4.6: Black and white colour inverted satellite images of the northern part of the Panamint Playa
from 1994 to 2009. Locations of mega-cracks stable over 15 years (Images modified from © 1994
U.S. Geological Survey, © 2005, 2009 Google).
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Fig. 4.7: Overview of the appearance variety of surface cracks: A: Subsurface development.

B: Recently developed crack. C: Vegetation growth on crack rim. D: Vegetation growth in cracks,
influence area as halo along crack. E: Refilled crack. Enhanced vegetation growth on crack-fill.
Influence area (wet) along refilled crack. F: Sandy bulge on refilled crack. Bushes provide sediment
trap. G: Higher moisture content of refilled crack in contrast to remaining playa surface. H: Ring
fissure. Vegetation growth on the rim; depression in the centre.
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Detailed investigation of the cracks on the playa surface revealed at least four different varieties
of cracks (Fig. 4.7). The first type comprises subsurface collapse structures (Fig. 4.7A). These
subsurface structures became exposed as the surface collapsed due to additional weight. The
second type is characterized by vegetation growing in the cracks (Fig. 4.7D). During our stay, the
cracks were filled with water for more than 4 weeks after the last rain. Due to evaporation salt
rims develop. A wet area, including the salt rims, accompanies the cracks and | refer to this as
the “influence area” (Fig. 4.7B to 4.7E). With time, sand sourced by the nearby Panamint Dunes
gets blown into the cracks and subsequently refills them. Vegetation growing at the edges or in
the cracks (Fig. 4.7D) serve as wind barriers and sediment traps and supports this process. After
a heavy sandstorm a sandfill of >10 cm (4 in) in a fresh crack was observed. The third crack
type is represented by refilled cracks. In some cases bushes still grow on the former crack most
probably because the porous sandfill contains available water in contrast to the surrounding clay
sediments (Fig. 4.7E). This is confirmed by the resistivity measurements. The accumulated sand
forms bulges, which may grow to a height of up to 0.5 m (1.5 ft; Fig. 4.7F). Other examples of
filled cracks without a relief developed were only identifiable by higher moisture content and the
coarser grain size compared to the surrounding on the playa surface (Fig. 4.7G). In 14 cases,
mud diapirs are associated with cracks or exist in the vicinity of the cracks on the playa surface
(see Fig. 4.3). The fourth variety of cracks was described as ring fissures by Neal et al. (1968;
Fig. 4.7H). These circular features often show a depression in the centre, where water gathers
after rainfall. Some of the ring fissures are connected to collapsed cracks, to cracks containing
vegetation and to refilled cracks. In some cases friple junctions developed. However, in most
cases, there is no connection to cracks visible at the surface.

Some of the crack orientations match the trends of pre-Quaternary faults (Fig. 4.8). To examine
a potential relationship between faulting and crack formation, crack orientations, crack width and
depth were systematically surveyed (Fig. 4.9). No preferred crack orientation is obvious, nor do
particular crack orientations develop enhanced width. In general, the ratio of width versus depth
of open cracks (cavities) varies between 2 and 4 with a mean value of 3. The maximum measured
crack depth is 1 metre (3.281 ft); maximum width recognized at a triple-junction is 2.5 m (8.2 ft).
There is a linear relationship between crack width and depth (Fig. 4.9). Values of the influence
area rarely exceed 7 m (23 ft).

Apart from the contrasting grain size distributions between crack-fill and remaining playa lake

surface, XRD analysis reveals no striking difference in the composition of the crack walls and the
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Fig. 4.8: Pre-Quaternary fault sketched in red (after Jennings et al., 2010). Modern mega-crack

(~ 1.6 km/1mi length) with similar shape on satellite image of Panamint Valley. Image © 2010 Google
and DigitalGlobe.

soft material within the cracks. The main components are quartz, calcite, halite, illite/muscovite,
feldspar and dolomite. Furthermore, chlorite, kaolinite, haematite, thenardite and the amphiboles
actinolite, hornblende and riebeckite are present as minor constituents. In the case of a filled
fissure, gypsum and anhydrite are present as accessories. The dominant minerals recognized in
the samples of the Panamint Dunes are quartz, feldspar and calcite. Additionally, illite/muscovite,
chlorite, kaolinite and amphiboles are found. The presence of muscovite and feldspar that are
largely affected by chemical weathering during exposure indicate a location close to the source
area. Additionally, heavy minerals that are deposited very early during sediment transport can be
found throughout the dune field. Swelling clays of the vermiculite and smectite groups were found
in the filtered clay fraction.

With the intention to gain information about the influence area, the shape and the vertical extent
of the crack’s thirteen ground resistivity profiles were measured perpendicular to the cracks on
the playa surface (Figs. 4.3 & 4.10). The profiles were taken in the northern and southern part of
North Panamint Playa to identify local differences (e.g. a varying groundwater table). In most of
the cases, the sediments in the cracks were still wet, even 3 weeks after the last rain, prior to the
measurements. As a result of the water content and its salinity, the measured resistivity values
were very low. The groundwater table was identified without notable local differences at a depth
of ~ 3.5 m (11.5 ft) by its low resistivity (Fig. 4.10). Below that depth the resistivity differences

decrease as a result of the high water content and high salinity. The influence area is characterized
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by higher water content and higher salt content, developed due to enhanced evaporation. This is
indicated by low resistivity values in shallow depth (<3.5 m/11.5 ft) on all profiles. In some profiles,
no differences in resistivity were noticed between the sediment below a crack and its surrounding.
In other cases, resistivity was homogeneous at the surface, but showed the pattern of a typical
crack between a depth of 0.5 m and 3.5 m (1.6 and 11.5 ft), probably as a result of a filled crack.
One section was measured over two mud diapirs, without direct connection to a crack on the
surface. Increased resistivity was measured below the mud diapirs at a depth of up to 3.5 m
(11.5 ft). In contrast to the visual detection of the influence area, ground resistivity measurements

revealed a maximum width of the influence area of 12 m at the playa surface.
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Fig. 4.9: A1: crack width vs. depth related to strike of crack. A2: crack # vs. width/depth related to
strike of crack. B1/B2: crack width (left) and crack depth (right) colour coded. Area of measurements
marked in Fig. 4.3. In general, crack width and depth are positively correlated. In all orientations
width/depth ratio does not appear to have any correlation to orientation. Satellite images © 2010
Google and DigitalGlobe.
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Fig. 4.10: Characteristic ground resistivity profile over two mega-cracks: Lower resistivity of
cracks compared to the surrounding recognizable until at least 3.5 m (~11.5 ft) depth where the
groundwater table (GWT) is located. Continuation below the current GWT is likely, but can not be
determined due to small differences in resistivity as a result of the high electric conductivity of
water.

4.5 Discussion

The depo-centre interpreted at the centre of the German study area (Vackiner et al., 2011) and
the polygonal pattern identified on TWT-slices indicate the existence of an isolated perennial lake,
which is not permanently connected to the great Rotliegend lake in the centre of the SPB. The
structural setting in combination with the similar depositional environment and sedimentary facies
that are show in Figure 5 clearly identify the Panamint Valley in California as a suitable modern
analogue for the graben/halfgraben setting of the study area at the south-western margin of the
SPB. Afluvial origin of the lineaments in the seismic data can be ruled out. Geometries on seismic
time slices, horizon slices or vertical sections do not indicate a fluvial origin of these features as
it was recognized e.g. in the overlying Triassic Buntsandstein or Keuperian. Furthermore, the
small topographic relief at the centre of the German study area during the development of these
lineaments (Vackiner et al, 2011) and the low energetic fluvial deposits observed in the cores of

the wells support this conclusion.
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4.5.1 Mega-Crack Development

Hypotheses about the development of megacracks in playas of the western United States involve
variations of the groundwater table piezometric surfaces, capillary effects and soil moisture (Neal
and Motts, 1967). Furthermore, fissured playas seem to possess significantly higher amounts of
clay minerals compared to non-fissured areas (Neal et al., 1968). Messina et al. (2005) discuss
synaeresis as a possible reason for crack evolution, caused by swelling and shrinking of clay
minerals due to wetting and drying cycles. The influence of tectonics on cracking processes has to
be taken into consideration in tectonically active regions such as the Basin and Range Province.
Huge earthquake-induced cracks in ruptured playa sediments on Lavic Lake in California, United
States are discussed by Treiman et al. (2002). It is likely that the major boundaries of the mega-
crack pattern on Panamint Playa are provided by the active faults. The dominant E-W and N-S
orientation of the mega-cracks shown in the rose diagram (Fig. 4.11) support this assumption.
Cartwright et al. (2003) proposed the hypothesis of a “progradation sequence for the development
of polygonal faults in alternating depositional units that favour or preclude synaeresis during
shallow burial”, into a polygonal fault system during time. The model relates the development
of a polygonal fault system to three successive steps. Heterogeneity in sedimentary layers is
established by synaeresis processes in the subsurface. The differences in competence in the
layers then result in the development of weakness zones during compaction. These zones serve
as preferred location for fault development and predict the framework for the evolution of a

polygonal fault system.

Panamint Valley, CA German Study Area
N

n: 327
interval size: 8 interval size: 4

n:112

Fig. 4.11: Rose diagrams comparing the orientations of the mega-cracks on Panamint Playa,
California to faults and lineaments on seismic TWT-slices from Northern Germany.
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Four stages of what might represent a crack evolution cycle (Fig. 4.12) are postulated on the
basis of the studies at the Panamint dry lake. Stage one can be considered as the subsurface
phase of crack development. No signs of a cavity are visible at the surface until the surface finally
collapses. After cracking and fracturing of the surface, the typical crack shape develops and
vegetation starts growing in and/or along the cracks in stage two. During stage three, cracks are
subsequently refilled, predominantly by wind-blown sand and collapsing crack-walls. Vegetation
associated with the cracks serves as sediment traps. In contrast to the remaining playa surface,
the crack-filling is composed of coarser grained material ranging from clay to coarse grained sand.
In some cases sand and silt bulges form around bushes situated at filled cracks. In the final phase
of crack evolution these reliefs get eroded, so that the pre-existing crack can only be identified
by colour differences compared to the surrounding playa surface. During lake flooding, a new
layer of clay is deposited, which erases the surface morphology of the underlying crack-fill. A new
cycle of cracking starts by the drying period following the next rainfall. The stable position of the
mega-cracks on the playa surface is consistent with our hypothesis of the evolution of the mega-
crack system. A new crack cycle preferably develops at a location of a refilled crack due to the
heterogeneity of the sediment fill of the cracks in comparison to the surrounding clay dominated
homogeneous playa surface. Observations during the field study suggest that the timeframe for
the refilling phase of the cracks through collapsing crack-walls and wind-blown sand is potentially
limited to a few years. After two hours of heavy winds the fresh cracks were already filled by 10 cm
(~4 in) of wind-blown sand. This leads to the assumption that during ongoing sedimentation and

multiple crack development cycles, the vertical extent of the cracks successively increases.

Ground resistivity measurements show that variations in porosity and water content due to
mega-crack development outreach the area recognizable by visual inspection in depth. Cracks
connect to the groundwater table, which is located ~ 3.5 m (11.5 ft) below the surface of the playa
(Fig. 4.10). This connection can be explained by the existence of a fractured zone, not visible
from the surface below the broken-in part of the crack. The saline content in combination with
the clay dominated playa surface leads to the development of a dense surface with very limited
drainage opportunities. After a rain or flooding event, surface water evaporates or migrates into
the depressions of the mega-cracks. Although the crack-fill is dominated by wind-blown sand
with good porosities and loose packing that commonly enhance drainage, the cracks remain wet

for a certain period of time after the remaining playa surface has dried. This can be explained
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Fig. 4.12: Mega-crack evolution cycle. See text for detailed description and Figure 7 for example
photos of crack cycle phases: Subsurface phase - Figure 4.7A, opening phase - Figure 4.7B,
vegetation growth and accumulation phase - Figure 4.7D, re-filling phase - Figure 4.7E, erosional
phase - Figure 4.7F, end of the crack cycle - Figure 4.7G.

by the fact that the collapsed playa surface and crack walls partly seal the crack and thus slow
down the drainage process. The water gathered in the depressions formed by the cracks enables
vegetation growth throughout the year. These circumstances explain the lower resistivity below
the cracks compared to the higher resistivity values of the surrounding mudfiat.

Refilled cracks that cannot be identified on the playa surface anymore could be imaged in
ground resistivity measurements. In most of the cases, they still show the lower resistivity pattern

compared to the surrounding, suggesting that they are still moist.

69



4. Impact of Arid Surface Mega-Cracks on Hydrocarbon Reservoir Properties

A previous study by Langford and Eshete (2000) in the Chihuahuan Desert in Texas, United
States recognized the influence of mega-cracks at depths of up to 8 metres. Considering that
the development of the huge cracks is associated with volumetric changes of clay minerals, it
is likely that these processes represent a direct link to fluctuations of the groundwater table.
Consequently, the cracks could not exceed below the depth of the groundwater table without a
tectonic component. Furthermore, abrupt mechanical stress build-up is seen as a major trigger for

clay liquefaction and dispersion (Rowell etal., 1969), which is essential for mud diapir development.

The impact of tectonics on the evolution and development of megacrack systems is difficult to
constrain. Depth and width of 34 open cracks were measured and analysed, considering their
individual orientations. The same routine was applied to the influence area with a total of 112
open and filled cracks being analysed. Results do not show any preferred directions, allowing
no immediate conclusion about a genetic link between crack development and the regional
fault system. However, the shape and orientation of the longest (filled) crack on North Panamint
Playa perfectly matches the trace of a pre-Quaternary fault at the Panamint Buttes (Fig. 4.8).
Furthermore, the association of at least 14 pairs of mud volcanoes with crack systems implies a
certain involvement of tectonics as trigger mechanism for mud fluidization. Explaining mud volcano
activity solely by contraction and expansion of clay minerals during multiple wetting and drying
cycles seems unlikely. High sedimentation rates, which would rapidly increase the load of the
overburden and lead to liquefaction of clays in the subsurface, can be ruled out for the Panamint
Playa. Swelling clays of the vermiculite and smectite groups were identified in the filtered clay
fraction of the samples, but muscovite and illite which have much less swelling potential (Foster,
1954) were also recognized on the playa surface. Signs of mud diapirs on the playa surface
close to the newly developed cracks were not observed. It is likely that the combining effects
of tectonics and volume variation in clay minerals force the crack development. According to
Dimitrov (2002), the occurrence of mud volcanoes is frequently controlled by recent tectonic
activity, particular compressional, and the presence of thick, fine-grained, soft, plastic sediments
deep in the sedimentary succession. Driving forces can be structurally or tectonically induced
high pore-fluid pressures. The final trigger to mobilize the muds is then provided by rapid tectonic
stress build-up through seismic activity. However, Messina et al. (2005) invoke the hydraulic head
pressure of the surrounding alluvial fans as a possible driving force for the formation of mud

volcanoes or spring mounds in the Panamint Valley.
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4.5.2 Fault Development

Frequent fluid circulation enhanced by fractures and sandy fissure-fills are the reason for the
heterogeneous composition of cracked areas, in contrast to the homogenous surrounding playa
surface comprising clay and fine silt. Although a direct link between orientation of cracks and
the fault system in Panamint Valley was not determined with the measurements, the possibility
can not be ruled out. Satellite images and rose plots give a hint that the orientation of some
cracks is influenced by the local stress field. Tectonic processes are also known as a trigger
for clay liquefaction and the development of mud diapirs. However, a preferred development
of mud diapirs associated with cracks of a distinct orientation was not noticed. The contrast in
competence of cracked areas to their surrounding makes them a preferred location concerning
stress release (Cartwright et al., 2003). This hypothesis is not only valid for the time of the dry
lake being located at the surface but also after the sedimentation of the overburden, due to the
difference in compaction between inhomogeneous former cracked areas to the more or less
homogeneous surrounding of formerly non-cracked areas. The increased stress and the different
compaction caused by the overlying sediments may first result in the development of weakness
zones. In addition, the better porosity and permeability, as a result of the higher percentage of
sand in the crack-fills, represents preferred pathways for fluid migration. With time and burial
depth, some of these heterogeneous zones can develop into faults or even into a polygonal fault
system as described by Cartwright et al. (2003). It is likely that only zones with a vertical influence
of multiple metres develop into faults. Consequently, repeated crack development cycles at the
particular locations are a basic requirement.

In the German study area, the faults that developed along the predominant N-S and E-W stress
field (Fig. 4.11) show the highest offsets. Similar to the assumption that the major framework for
mega-cracks on Panamint Playa is likely provided by faults, Upper Rotliegend fault activity could
have served as structural grain for the further development of weakness zones to faults, and thus
explain the different offsets between major and minor faults on today’s seismic data dependant on
their orientation. In contrast to the rhomboidal fault pattern that is common in the Rotliegend of the
SPB (de Jager, 2007), our data set includes additional low-offset faults and sub-seismic features
with multiple orientations that build a polygonal pattern on the variance map (Figs. 4.2 and 4.11).
The low offsets along these faults could also indicate to the immature state of a polygonal fault
system (Cartwright et al., 2003), the deep burial of more than 4.5 km (2.8 mi) and the influence of

the adjacent salt dome on the seismic data are a challenge for identifying the preserved pattern.
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4.5.3 Implication for Hydrocarbon Migration / Systems and Reservoirs

In arid climates, a close interfingering of different sedimentary facies is a common feature. In
desert settings, dunes can directly overly mudflats or pond deposits. Dune intervals from cores
from Northern Germany, identified as host rocks in the reservoirs, seldom outreach a thickness
of 2.5 metres (8.2 ft). Interdune deposits comprising pond, mudflat and wet to damp sandflat
sediments with higher clay content and low porosity and permeability are commonly interbedded

with dune deposits (Fig. 4.13).

alluvial fan
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Fig. 4.13: Model for hydrocarbon systems in arid climate settings. Changes in sedimentary facies
distribution in arid climates do not necessarily require changes in the sedimentary setting (1-3).
(2) Mega-cracks system develops on playa surface. (3) Depth influence of cracks increases with the
number of cracking cycles (see Fig. 4.10). Location of the playa lake can vary. (4) Faults developed
at weakness zones as consequence of competence contrast between crack-fill and remaining playa
surface. Weakness zones and faults might provide fluid migration pathways, connecting reservoir
intervals (aeolian deposits) separated by sealing lithologies (lake deposits). In the example of the
German tight gas field, fluid migration along faults resulted in increased cementation and inversion
of porosity and permeability (Gaupp et al., 1993; Gaupp and Solms, 2005) of reservoir rocks. Note
different scales.

Applying the knowledge about the polygonal pattern of cracks on the surface of dry lakes in
the western United States to the Upper Rotliegend Il in Northern Germany, | suggest that dune
deposits which comprise reservoir intervals separated by impermeable lake and pond deposits
could be hydraulically connected by more permeable crack-fills, which developed into weakness
zones during burial and finally into faults serving as fluid pathways during times of hydrocarbon

migration. However, in the case of the tight gas field in Germany, the fast decrease of initial
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production rates indicates a compartmentalisation of the reservoir. The decreased porosity and
permeability can be explained by an inversion of original porosities and permeabilities as a result
of quartz overgrowth and secondary illite crystallization in the proximity of fault zones (Gaupp
et al., 1993; Gaupp and Solms, 2005). Well information reveals that porosity and permeability
values are lower proximal to the fault compared to distal locations, where production is carried
out economically. Consequently, | conclude that the vertical connection provided by the faults
initially promoted fluid flow, enabling fluid migration between aeolian intervals that are vertically
separated by lake deposits. During time, this fluid migration resulted in the inversion of the primary
good porosity and permeability at the faults and their proximity (Gaupp et al., 1993; Gaupp and
Solms, 2005). Considering the significant intervals of lake/pond deposits in the core data and the
information from seismic data, vertical and horizontal compartmentalisation seems likely for the
tight gas reservoir in Germany. In the previous study (see chapter 3) | suggested that only some
of the weakness zones influenced by synaeresis developed into faults. Such small-scale faults
with minor offsets are hardly resolvable on the basis of available seismic data at a depth of 4.5
km (2.8 mi), where the tight gas field is situated. However, even small offsets accompanied with
fracturing in the surrounding can have a significant influence on fluid flow in reservoirs. Such
minor, low offset faults and subtle lineaments are described as compartment boundaries from
many gas fields form the Groningen area in the Netherlands by Van Hulten (2010). Not all parts
of the pattern, identified on TWT-slices using the variance seismic attribute, can be identified as
faults in vertical sections (Fig. 4.2). Some areas, where the pattern can be observed on the TWT-
slice, are accompanied by a negative relief and could record effects caused by mud diapirism as
described by Hustoft et al. (2007) from the Miocene Kai Formation at the Norwegian Margin.
Knowing about the evolution and composition of the polygonal cracks on dry lakes and the
possible relation to a regional fault pattern, the polygonal crack pattern identified on the basis of
the seismic data from Northern Germany was re-examined.

The orientation of the polygonal pattern on the seismic was compared to the prevailing stress
orientation of the Upper Rotliegend Il in Northern Germany. Faults striking ~N-S, oriented
perpendicular to the extensional stress pattern, show higher cumulative vertical offsets than ~E-W
oriented faults. Consequently, | assume that preferably the ~N-S oriented existing weakness
zones or faults were active over a longer period of time, due to their matching orientation to the
regional stress field and higher offsets than the ~E-W oriented faults. This is supported by the

observation that the number of lineaments on TWT-slices, identifiable as faults (by a visible offset)
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in vertical sections is higher in N-S direction compared to E-W direction. However, it does not
dismiss E-W running lineaments or the parts of the polygonal pattern visible on the seismic time

slices as weakness zones, faults and/or fluid migration pathways.

4.6 Conclusions

Polygonal mega-crack development on dry lakes is a common feature in arid climate settings.
After burial, former crack zones develop into weakness zones that are preferred locations for
the development of (low offset) faults that provide possible fluid pathways. | conclude that the
crack development combined with the mechanisms of the evolution of a polygonal fault system
may play an important role in influencing hydrocarbon reservoir compartmentalisation. Reservoir
connectivity is influenced by these zones, both in a positive or negative way since fluid reactions
may lead to secondary porosity enhancement or pore-destructive cementation. Concerning
reservoir quality, the results of this study therefore recommend paying higher attention to the 3D

distribution of subtle, small-scale faults and their organisation in possible polygonal networks.
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5. Facies Analysis of cores from 4 wells from northern central
Germany

Abstract

This chapter deals with a sedimentary facies analysis of cores from 4 wells situated in northern
central Germany, in the Southern Permian Basin (SPB). Results were compared to a study area
in East Frisia to improve (i) the understanding of the regional variety of depositional environments
(i) identify variations in sedimentology depending on the palaeogeographic position, and (iii) the
timing of deposition in the Southern Permian Basin during the Upper Rotliegend II. In contrast
to core data from the Wustrow and Bahnsen Members from the East Frisian study area, the
here presented study mainly focuses on core material that includes the Bahnsen to Munster
Members. The results indicate that in times when East Frisia was dominated by aeolian deposition,
sedimentation in northern central Germany was controlled by lake level changes of the great
saline Rotliegend lake in the centre of the SPB. An increased clay content in the cores clearly

points to the sub-aquatic depositional milieu.

5.1 Introduction

In this study, 168 metres core material from 4 wells (Fig. 5.1) of the Upper Rotliegend Il in the
SPB in northern central Germany was analysed with focus on sedimentary facies and facies dis-
tribution. The study area is located ~200 km east of the East Frisian tight gas field (Fig. 5.1; see
chapters 3 & 4). Sedimentation during the Upper Rotliegend Il in the SPB was controlled by arid
to semi-arid climate, and deposition was dominated by siliciclastics and subordinate evaporites
(Glennie, 1972). George and Berry (1993), Stromback and Howell (2002) and Legler (2005) sug-
gested ephemeral fluvial (wadi), aeolian, sabkha, and lacustrine environments as the four major
facies associations. Huge amounts of aeolian sediments were provided by strong winds from
the east (Gast et al., 1998 and Rieke, 2001). While the overall geological setting in the two study
areas is similar (see chapter 1.4), regional differences in the depositional setting occur due to
the location of the second study area close to the centre of the SPB. Lake level changes of the
perennial saline lake in the central part of the SPB during the Dethlingen (Gast and Gaupp, 1991)
strongly influence the sedimentation in northern central Germany. In contrast to the East Frisian
tight gas field, where core analysis was carried out in the Wustrow and Bahnsen Members, the

investigated intervals of the second interest area included younger strata from the Bahnsen to
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Munster. A comparison of the two study areas leads to a deeper understanding of the regional

changes of the depositional environments, the palaeogeography and reservoir rock distribution of

the SPB during the Upper Rotliegend II.

\ ‘ ‘
\ \
\ | | i
\

Depth [m]
‘\- 4100

_ 4200

Well 6

': 4300

l 4400

4500

Top Rotliegend - ) N B
Dambeck N ‘

" dune, sandflat

. saline mudflat

— perennial saline lake

[ alluvial fan, ephemeral stream
| depositional area, general

area of non-deposition

— fault

—> sediment supply

NL - Netherlands Low

EL- Ems Low

HD - Hessian Depression

SD - Saale Depression

NBL - NeiRe-Bobr Low

08,
. ~4/’ass/}‘
Variscides

Fig. 5.1: A: Overview of the wells from the northern central German study area. Wells 1-4 are
analysed in this chapter. Wells 5-8 are discussed by Vackiner (2011). Top Rotliegend (Dambeck)
horizon displayed. B: Palaeogeography and general facies distribution of the Upper Rotliegend Il
Elbe Subgroup (compiled from Ziegler, 1982; Glennie et al., 2003 and Stollhofen et al., 2008).

NPB: Northern Permian Basin, SPB: Southern Permian Basin. The white star marks the East Frisian
tight gas field. The red star marks the northern central German study area.
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List of Wells

Well Core Core metre Formation Member

Well 1 Core 1 00-90m Hannover n/a
Well 2 Core 1 0.0-130m Hannover Bahnsen

Core 2 13.0-31.0m Hannover n/a

Core 3 31.0-43.3m Hannover n/a
Well 3 Core 1 0.0-18.0m Hannover Munster

Core 2 18.0-36.0m Hannover n/a

Core 3 36.0-54.0m Hannover n/a

Core 4 54.0-67.8m Hannover n/a

Well 4 Core 1 0.0-18.0m Hannover n/a

Core 2 18.0-29.5m Hannover n/a

Core 3 29.5-38.3m Hannover n/a

Core 4 38.3-48.3m Hannover n/a
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5.2 Sedimentary facies in the cores

Pond/lake:

Pond/lake deposits consist of 100% structure-less to laminated
red, minor green to grey clay. Their occurrence is associated
with interdune as well as with ephemeral dry lake settings. Salt
efflorescence is often recognized along uncemented fractures
in these sediments, which are mainly oriented horizontally,
parallel to the bedding. Occasionally, vertically oriented

fractures occur (Fig. 5.2).

Fig. 5.2: Characteristic pond/
lake deposit.

Lake margin:

Sediments from lake margin deposition are characterized
by irregular cm-scale intercalations of sandstones and clay.
Sandstone lenses are poorly sorted, structureless and very
fine to fine grained (Fig. 5.3). Ripple lamination is common.
While the lake margin deposits are associated with sub-aquatic
milieus, intercalation of aeolian sediments into the clay intervals
most likely results from dune sets prograding into the standing

water body.

Fig. 5.3: Structureless
sandstone lens in a lake
margin deposit.
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Aeolian mudflat:

Aeolian mudflat deposits are wavy laminated claystones
with intercalated lenses of siltstone and sandstone. They are
characterized by a clay content >50% (Amthor and Ockerman,
1998). Their deposition took place in a mainly sub-aquatic
milieu without recognisable currents. Desiccation cracks
and soft clasts indicate periodical, subaerial exposition of
the mudflats. Adhesive sands and silts were synsedimentary
blown into the clay deposits (Fig. 5.4). In the cores, the
majority of mudflat deposits is not laminated, but contain
dewatering and desalinization structures. Additionally, post-
sedimentary structures such as convolute bedding, flame
structures, sand diapirs, and injection are common (Fig. 5.5).
In many cases, salt efflorescence occurs along horizontal,
bedding-parallel, small, uncemented fracture systems, while

vertically oriented fractures are rare.

Fig. 5.4: Characteristic aeolian
mudflat succession.

Fig. 5.5: Sand injection in an
aeolian mudflat from Well 3.
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Damp sandfiat:

Damp sandflat deposits are fine grained to medium
grained sandstones with minor siltstone content. Clay
contents are <20% (Amthor and Ockerman, 1998).
They are characterized by wavy, laminated bedding
and contain dewatering and desalinization structures.
Post-sedimentary structures, such as convolute
bedding, flame structures, sand diapirs, and injections
are common (Fig. 5.6). Small current ripples observed
in cores are of sedimentary origin. The wet sandflat
environments most likely developed during periods of
shallow groundwater levels or ephemeral flooding. In
some cases, embedded grain flow deposits indicate
dry, aeolian depositional areas in the closer vicinity
of the wet sandflats (Fig. 5.7). Adhesive sands and
minor deflation lags are common due to a temporarily

increased moisture content at the sediment surface.

Fig. 5.6: Wavy, laminated bedding in a
damp sandflat.

Fig. 5.7: Damp sandflat from Well 2.
Coarse grained grain flow deposit in the
centre of the image.
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Wet sandflat:

Wet sandflat deposits are very fine to fine grained,
poorly sorted sandstones and siltstones with clay
contents of 20-50% (Amthor and Ockerman, 1998).
They are characterized by a wavy, irregular bedding
(Fig. 5.8). Sand lenses are often embedded in
finer grained sediments. They also contain post-
sedimentary dewatering structures (Fig. 5.9). The
primary sedimentary layering is further disturbed
by precipitation and dissolution of salt close to the
sediment surface. Small current ripples developed
synsedimentarily. The wet sandflats developed
at high groundwater levels, close to the sediment
surface. Some grain flow deposits indicate an
adjacency to dry, aeolian depositional areas.
Adhesive sands and minor deflation lags are
common due to a temporarily increased moisture

content at the sediment surface.

Fig. 5.8: Irregular bedding of a wet
sandflat from Well 3.

Fig. 5.9: Sand lenses interbedded
in finer grained material in the
upper part, and post-sedimentary
dewatering in the wet sandflat.
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Dry sandflat:

Dry sandflat deposits are characterized by
mature, (very) well bedded, and homogeneous,
fine to coarse grained sandstones (Fig. 5.10).
Characteristic features are a bimodal grain size
distribution and cross stratification with dip angles
of less than 5° (Fig. 5.11; Mountney and Jagger,
2004). Dry sandflats are either associated with
dune fields or isolated features in areas of high

wind velocities.

Fig. 5.10: Homogeneous dry sandflat
from Well 3.

Fig. 5.11: Bimodal grain size
distribution in a dry sandflat.
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Low energetic fluvial deposits:

Fluvial deposits are composed of low energetic,
shallow, braided stream channel systems and
sheetflood sediments. Grain sizes vary between
clay (predominantly) and coarse grained sand.
Furthermore, fluvial reworked sediments are
characterized by small rip-up clasts and clay cullets
(Fig. 5.12). Small-scale tangential epsilon cross-
stratification is a common feature (Fig. 5.13). In
general, the lower parts of the small scale cross-beds
are characterized by fine grained sediments, while
the upper parts show comparative coarser grained
sediments. Meandering fluvial channel systems are

further identified by fining upward trends.

Fig. 5.12: Fluvial reworked
sediments in Well 2.

Fig. 5.13: Epsilon cross
stratification in low energetic
fluvial deposits from Well 3.
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Aeolian dune (base):

Aeolian dune deposits are (very) well
bedded, fine to coarse grained, mature
sandstones. They are characterized
by semi-tabular, uni-modally dipping
cross-beds with a bimodal grain size
distribution. Coarse grained grain flow
deposits are closely intercalated with
fine grained suspension fallout deposits
(Fig. 5.14; Bagnold, 1954). Grain size
variations in the sediments may depend
on total wind velocities, composition
of the source area, and the location of
the dunes in the dune field. The aeolian
dunes are typically characterized by
upward increasing dip angles: their bases
consist of sandstones with dip angles of
5-15°, increasing upward to more than

15° (George and Berry, 1993).

Fig. 5.14: Examples of characteristic aeolian
dune (base) successions, including different
dune sets, varying dip angles and coarse and
fine grained grain flows and suspension fallout.
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5.3 Core description @
Well 1 (Core 1: 0.0 - 9.0 m; Fig. 5.15)

The core is dominated by aeolian deposits.

Fluvial sediments at the base are overlain

by homogenous sandflat deposits (A). The
dominance of damp sandflats indicates

(B) that aeolian successions developed in

areas with relatively shallow groundwater

levels. Pond (C) and mudflat deposits (D)

are interpreted to originate from interdune

areas.

Key:
sedimentary facies lithology

- pond / lake - damp sandflat E shale
. dry sandflat siltstone and sandstone
|:| lake margin |:| y “shale

: aeolian dune
- aeolian mudflat e E sandstone

- wet sandflat |:| aeolian dune

- low energetic
fluvial deposits

syn- and post-sedimentary structures
_—_ cross-stratification ~ normal grading -~ convolute bedding
== well bedded -+ jnverse grading & sand injection E
== very well bedded —---- lag @ slumped, contorted  __
= no apparent bedding —<- flame structure bedding
—= ¢ epsilon-cross- 5 load casts A algal mats

stratification == fracture

Fig. 5.15: Core 1, Well 1. Photos of core successions plotted next to the lithology and depositional
environment column. A to D mark photos of the sedimentary facies referred to in the text.
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Well 2 (Core 1: 0.0 - 13.0 m, core 2: 13.0 - 31.0 m,
core 3: 31.0 - 43.4 m, Figs. 5.16 and 5.17)

The Bahnsen Member (core 3) of Well 2 is
characterized by aeolian successions. Sandflats were
deposited during periods of shallow groundwater
tables. Abundant grain flow input into temporarily
wet, damp, and dry sandflats imply that dunes were
located close to the temporarily flooded surface (A).
Additionally, fluvial reworked aeolian deposits are
interpreted in the upper part of core 3 (B).

Mudflat (C) and sandflat (D) deposits are the dominant
sedimentary facies in cores 1 and 2. Deposition took
mainly place in a sub-aquatic environment with only
ephemeral desiccation. The groundwater table was
located close to the sediment surface at all times.
Minor fluvial reworked successions likely originate
from currents discharging into a standing water body.
Multiple damp sandflat deposits and one dry sandflat
deposit are interpreted in the Munster Member (D).
Mineralization nodules and increased cementation

point to an increased diagenetic influence on core 1.

Key:
sedimentary facies lithology

- pond / lake [l damp sandflat [==] shale
I:l lake margin I:l dry sandflat siltstone and sandstone

-shale

. aeolian dune
- aeolian mudflat o El sandstone

- wet sandflat |:| aeolian dune
- low energetic
fluvial deposits

syn- and post-sedimentary structures

_~_ cross-stratification ~— normal grading - convolute bedding
== well bedded =::: jnverse grading & sand injection
== very well bedded ---- lag & slumped, contorted

= no apparent bedding —< flame structure bedding

——~_: epsilon-cross- 25 load casts A algal mats
stratification == fracture

Fig. 5.16: Core 1, Well 2. Photos of core successions plotted next to the lithology and depositional
environment column. C marks photos of the features referred to in the text.
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®

1m

o

Fig. 5.17: Cores 2 and 3, Well 2. Photos of core successions plotted next to the lithology and
depositional environment column. A to D mark photos of features referred to in the text.
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Well 3 (Core 1: 0.0 - 18.0 m, core 2: 18.0 - 36.0 m, core
3: 36.0 - 54.0 m, core 4: 54.0 - 67.4 m, Figs. 5.18 and
5.19)

Damp sandflats that were deposited in times of shallow
groundwater tables represent the dominant sedimentary
facies in core 4. During dry weather periods, dry sandflats,
aeolian dune bases and aeolian dunes developed (A).
Several interdune deposits indicate a lateral shift of the
dune system (B). Core 2 and the lower part of core 1
mainly consist of mudflats (C), which were deposited sub-
aquatically. Minor wet and damp sandflat intercalations
developed during ephemeral flooding or due to the
influence of a shallower groundwater table. The upper
part of core 1 (Munster Member) is characterized by a wet
to dry aeolian succession (E). Bleaching, mineralisation
nodules, and cemented fractures (E) indicate an increased

diagenetic overprint of this interval.

Key:
sedimentary facies lithology

- pond / lake [l damp sandflat [==] shale
I:l lake margin I:l dry sandflat siltstone and sandstone

-shale

. aeolian dune
- aeolian mudflat . El sandstone

- wet sandflat |:| aeolian dune
- low energetic
fluvial deposits

syn- and post-sedimentary structures

_~_ cross-stratification ~ ~— normal grading - convolute bedding
== well bedded =-:: jnverse grading &~ sand injection
== very well bedded —--- lag & slumped, contorted

= no apparent bedding —< flame structure bedding

—= ¢ epsilon-cross- 25 load casts AA algal mats
stratification == fracture

Fig. 5.18: Core 1, Well 3. Photos of core successions plotted next to the lithology and depositional
environment column. C and E mark photos of the features referred to in the text.

88



5. Facies Analysis of cores from 4 wells from northern central Germany

Fig. 5.19: Cores 2 to 4, Well 3. Photos of core successions plotted next to the lithology and
depositional environment column. A to D mark photos of the features referred to in the text.
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Well 4 (Core 1: 0.0 - 18.0 m, core 2: 18.0 - 29.5 m, @
core 3: 29.5 - 38.3 m, core 4: 38.3 -48.3 m,
Figs. 5.20 and 5.21)

The lower part of core 4 is dominated by pond/lake

and mudflat deposits followed by coarser grained
sandstones of a dune/interdune interval in the upper
part of the core (A). The lower part of core 3 is also
characterized by mudflat and pond/lake deposits.
Aeolian sediments that developed under the influence
of a shallow groundwater table are present in the upper
part. Ephemeral fluvial reworking is likely (B). Cores
2 and 1 are characterized by ephemeral wet deposits
that occur intercalated with minor sandflats, mainly
deposited under the influence of a varying groundwater
table. Post-sedimentary structures such as convolute
bedding, flame structures, sand injections (C) and
diapirs are common. The uppermost clay-dominated
parts of the core show abundant horizontal and minor
vertical fracture networks, which might influence gas

migration and hydraulic fracturing.

Key:

sedimentary facies lithology
[ pond/ lake - damp sandflat E shale
|:| lake margin I:l dry sandflat siltstone and sandstone

-shale

: aeolian dune
- aeolian mudflat e El sandstone

- wet sandflat |:| aeolian dune
- low energetic
fluvial deposits

syn- and post-sedimentary structures

_~_ cross-stratification ~= normal grading - convolute bedding

== well bedded —-+ jnverse grading <~ sand injection

== very well bedded ----- lag & slumped, contorted

= no apparent bedding —<— flame structure bedding

—— . epsilon-cross- <S5 load casts A algal mats
stratification == fracture

Fig. 5.20: Core 1, Well 4. Photos of core successions plotted next to the lithology and depositional
environment column.
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Fig. 5.21: Cores 2 to 4, Well 4. Photos of core successions plotted next to the lithology and
depositional environment column. A and C mark photos of the features referred to in the text.
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5.4 Interpretation

The interbedding of aeolian intervals with wet successions in the cores indicates that sedimentation
mainly took place in wet environments. This is supported by the occurrence of several interdune
deposits. Wet and damp sandflats further reveal that the groundwater table was shallow and
located close to the sediment surface at all times. White mineralisation nodules, likely anhydrite
and minor calcite, diagenetic concretions, and bleaching point to diagenetic overprinting of the
aeolian intervals of the Munster Member (see Wells 2 and 3). Fractures are cemented by mica and
quartz and in most cases offset sedimentary structures (cross bedding, layered deposits) of the
Munster Member. Due to the limited thickness of dune successions, a differentiation of dune types
throughout the wells is not possible. In general, the small thicknesses of aeolian successions in the
cores indicate that dunes were also limited in height and did not exceed 30 m. All fluvial sediments
identified in cores were deposited under low energy currents. Sheetflood deposits are the result
of small temporary streams that discharged into lake or pond environments. Palaeotopographic
gradients are assumed to have been very low due to the absence of erosional structures and a
generally small grain size of the sediments. Sedimentation was mainly sub-aquatic as indicated
by mudflats, pond and lake deposits. Damp and wet sandflat deposits developed at times of
a shallow groundwater table or ephemeral flooding. Clay intervals often contain micro-fracture
systems that are mainly layer-bound and horizontally oriented, while a vertical orientation is

infrequently visible. Occasionally, salt efflorescence is observed along the fracture systems.

5.5 Comparison to the study area in East Frisia

The interest area discussed in this chapter is located ~200 km east of the East Frisian tight gas
field (see chapters 3,4,6) and was located closer to the centre of the Southern Permian Basin
during the Upper Rotliegend Il. As a consequence, sedimentation is influenced by lake level
changes of the great saline Rotliegend lake. In addition, the groundwater table is very shallow
and located close to the sediment surface in the vicinity of the lake. The expansion of the great
Rotliegend lake since the early Niendorf and marine ingressions during the Niendorf and Munster
Members result in an increased clay and evaporite content in the deposited sediments. These
facts are expressed in the predominant development of wet deposits (damp to wet sandflats,
mudflats) that can be observed in the cores of the northern central German study area.

While core data from East Frisian focused on reservoir intervals of the Bahnsen and Wustrow,

the here presented core analysis comprised the uppermost Members of the Hannover Formation
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(Bahnsen Member to Munster Member). In comparison, sedimentation in East Frisia was not
directly influenced by the marine ingressions or changes of the Rotliegend lake level until the
initial Zechstein flooding. There, deposition took place at the margin of the SPB. Due to limited
sediment supply and high wind velocities, dunes were restricted in height. However, aeolian
successions represent the dominant sedimentary facies in the cores (Vackiner, 2011).

The observations in the cores indicate that reservoir rock quality during the Bahnsen Member
is better in East Frisia due to thicker aeolian successions and a lower clay content. However,
it is likely that previous to the starting extension of the Rotliegend lake dry aeolian sediments
dominated the deposition in northern central Germany and reservoir rocks of a higher quality
are situated below the investigated interval. For the East Frisian area it can be assumed that
the occurrence of aeolian successions decreases and wet deposits increase with a growing
expansion of the Rotliegend lake or marine ingressions that took place at the latest with the onset
of the Zechstein transgression. In general this study suggest that aeolian deposits and thus rocks
of good reservoir quality can be found in younger intervals at the margin of the SPB compared to

areas situated closer to the basin centre and the saline Rotliegend lake.

5.6 Conclusions

» The source area of the fluvial deposits is assumed to have been located in the south because
the southernmost well (Well 4) shows the highest fluvial influence of all wells.

* All wells are located in an area, where aeolian sedimentation took place during the Bahnsen
and partly during the Munster Member. Due to the palaeogeographic situation, just south of
the great saline SPB lake, the sedimentation was influenced by a shallow groundwater table.
Consequently, the dominant sedimentary facies in the aeolian successions are damp sandflats.
Low energetic streams caused episodical, fluvial reworking. The influence of ephemeral lake
highstands is expressed in the increased saline content in several core successions. The
dominance of mudflats during the intermediate Members of the Hannover Formation points to
a completely flooded and only ephemerally dry environment.

* In general, rocks of good reservoir quality are likely to be found in younger intervals at the
margin of the SPB, compared to areas situated close to the basin centre and the saline

Rotliegend lake.
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6. Nano-Scale Porosity Analysis of a Permian Tight Gas Reservoir

This chapter is mainly based on the publication: Philipp Antrett!, Alexandra Vackiner', Uwe Wollenberg’,
Guillaume Desbois?, Peter Kukla', Janos Urai?, Harald Stollhofen®, Christoph Hilgers*(2011). Nano-Scale
Porosity Analysis of a Permian Tight Gas Reservoir. Extended Abstract, AAPG ICE Conference Milan,
October 2011, published by Search & Discovery (www.searchanddiscovery.com).

'Geological Institute, RWTH Aachen University, 2GED, RWTH Aachen University, *North Bavarian Center
of Earth Sciences, FAU Erlangen-Nuernberg, “Reservoir Petrology, RWTH Aachen University

Abstract

This chapter presents the first results of a high resolution petrographic study as part of a
multidisciplinary research project focusing on the evolution of Permian tight gas reservoirs in the
Southern Permian Basin in Northern Germany. The SEM-BIB (scanning electron microscopy —
broad ion beam) technique enables pore visualisation on polished surfaces down to nm-scale.
The ion beam preparation thus provides unprecedented insights into pore geometries and
morphologies of low porous rocks in general. In the first phase of this project, selected pores of
Rotliegend tight gas samples were investigated. Initially, different phases of clay mineral growth
(illite and chlorite) could be identified and the relative timing of crystallisation was established.
The focus lay on the analysis of clay mineral coatings of quartz grains. These play a major role
during diagenesis, inhibiting porosity and permeability reduction through quartz overgrowth or
pressure solution. Observations further revealed that chlorite crystallisation may prevent the
growth of illite, which restricts porosity and permeability reduction by secondary illite to areas
where chlorite is the dominant pore cementing phase. Results supported and refined the detailed
sedimentary facies analysis from core material of the Upper Rotliegend Il in aeolian reservoirs.
In addition, possible stress indicators were identified, which might provide crucial information for
future field development. Future work will include a geometrical 3D analysis of selected samples

and investigations of grain coatings in modern dune fields.

6.1 Introduction

With growing energy needs and further exploitation of conventional hydrocarbon reservoirs, the
importance of tight gas reservoirs has increased dramatically during the last years. However,
porosity and permeability reducing processes in these reservoirs often remain enigmatic. Studies
concerning seismic interpretation, seismic attribute analysis and well log information often reach
a dead-end when closely spaced changes in the depositional and structural environments occur.

In this chapter a new approach of qualitative and quantitative reservoir petrology on samples from
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a tight gas field in the Upper Rotliegend Il (Upper Permian) in Northern Germany is investigated.
In a marginal position to the great Rotliegend playa lake in the Southern Permian Basin (SPB,
Fig.6.1), reservoir rocks of fluvio-aeolian origin were deposited under arid climate. During
diagenesis, rocks have undergone an increased degradation of porosity and permeability triggered
by migrating fluids (Gaupp et al., 1993; Gaupp and Solms, 2005). Enhanced cementation, such
as an increased quartz overgrowth and secondary clay mineral crystallisation were the results of
this porosity inverting processes, which were mainly recognized in aeolian (dune) deposits. The
timing of this diagenetic effect and its relation to stress induced fluid pathways, e.g. fractures and
faults are not fully understood.

Scanning electron microscopy — broad ion beam (SEM-BIB) analysis (Desbois, 2011) and thin
section analysis is applied for diagenetic observations, the quantification of pore symmetries
and porosity estimation. Porosity and mineral content of a sample is analysed by image analysis
software. The new technique overcomes the low resolution of standard optical microscopy when
porosity and pore symmetries can not be quantified in areas where clay is the dominating mineral
e.g. clay replacing feldspar mineral grains. To visualise and quantify porosity distribution and
symmetry in such areas SEM-BIB images with the focus on inter-clay porosity are analysed.
SEM-BIB results are upscaled, and porosity values and clay volumes derived from blue stained
thin sections are calculated. Information about pore shapes and volumes can be used as input
for fluid flow modelling. The aim of this study is to develop an automated workflow that provides

reproducible results.

6.2 Geologic and sedimentary setting

The W-E trending Southern Permian Basin (SPB) extends from the UK across the southern North
Sea, covering northern Germany, Poland and the Baltic States, varying in width between 300 and
600 km. The basin centre was situated in Northern Germany. It reached its maximum extension
during the Late Upper Rotliegend IlI, covering an area of ~429,000 km?2. The tight gas field
investigated is located in Upper Rotliegend Il at the south-western part of the SPB in NW-Germany
(Fig. 6.1). During the arid to semi-arid climate, sedimentation was dominated by siliciclastics
and only minor evaporites (Glennie, 1972). Four major facies associations were identified by
George and Berry (1993), Stréomback and Howell (2002) and Legler (2005): ephemeral fluvial
(wadi), aeolian, sabkha and lacustrine environments. Strong aeolian winds supplied a huge

amount of aeolian sediment from the east (Glennie, 1983, Gast et al., 1998 and Rieke, 2001). In
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addition, sediment was provided by ephemeral fluvial systems sourced by the Variscan Orogen
and local highs in the south. Sedimentary facies analysis by Vackiner et al. (2010) on cores of
the investigated tight gas field reveals a close interbedding of dry aeolian sediments (dune, dune
base and dry sandflats) with low clay contents with wet aeolian, interdune and lake/pond deposits
(damp and wet sandflats and mudflats) with higher clay contents. The maximum dune interval in

the cores is ~2.5 m.
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Fig. 6.1: Stratigraphic chart on the left (modified from Plein, 1995, timescale according to Gast,
1995). Maximum extent of the Southern Permian Basin (modified after Ziegler, 1982). Study area
marked by the star.

6.3 Data and Methods

The analysis is based on core material of 2 wells. In addition to optical microscopic analysis of
blue stained thin sections, SEM-BIB samples with a very smooth surface were produced using a
stand-alone argon ion beam cross section polisher (JEOL SM-09010, Erdmann et al., 2006) and
a Zeiss Supra 55 electron microscope equipped with an EDX detector (EDAX, Apollo 10; Desbois
etal., 2011). Images were taken at a magnification of 3000. SEM imaging studies were performed
at 15 kV at a working distance of 10 mm to guarantee the consistent contrast that is required for
the image stitching process and the threshold adjustment during image analysis. Thin sections
were digitalised at 25 times magnification using the Leica DM 4500 P polarisation microscope
equipped with a Leica DFC 295 camera and a PC workstation with the 1Q-Win Light software
package (www.andor.com). Panoramic images of thin sections and SEM-BIB were compiled/

stitched using the Autopano Giga 2.5 software by Kolor (Fig. 6.2 and 6.3; www.kolor.com).
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Optical microscopic images consist of ~80-180 individual images, SEM-BIB panoramic images of
~340-400 individual images. The stitched images enable a continuous, dynamic zoom from the
polished surface of 1.5 mm? down to pores of um? size. For pore shape/symmetry and porosity
analysis the open source software JMicroVision V.1.25 (Roduit, 2011) was used. In blue stained
thin sections, porosity and clay content were determined by adjusting a threshold manually.
SEM-BIB images, backscatter electron microscope (BSE) images and EDX measurements were
used for mineral identification. In a first step, clay minerals are identified and then isolated using
standard image editing software. By manually adjusting a threshold in JMicroVision the inter-clay
porosity was determined (Fig. 6.4). The total porosity of the sample was calculated by adding the
porosity determined from the blue stained pores in the thin section to the inter-clay porosity from
the SEM-BIB image (Fig. 6.5). The inter-clay porosity was calculated from the percentage of inter-

clay porosity from the SEM-BIB image and the clay content of the thin section:

(I)tot = ¢ts + ICP ¢ CMts

¢~ total porosity ¢, = porosity in blue stained thin section  ICP= inter-clay porosity

CM= clay mineral content in thin section

. A minimum threshold of 10 pixel? (equals an area of 0.7 mm? in the thin section and 0.096 um? in
the SEM-BIB image) was established to eliminate pixel errors and to avoid false pore statistics.

Results of porosity analysis were compared to porosities derived from sonic velocities. In
pore symmetry analysis, the pore area (2D) and the elongation (long axis vs. short axis) were

determined. All the results directly provide the input information for fluid flow modelling.
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Fig. 6.4: Workflow for inter-clay porosity analysis. A: Identification and isolation of clay minerals.
B: Threshold adjustment to quantify inter-clay porosity. C: Results of the pore analysis of the whole
sample.
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Fig. 6.5: Information available from thin sections and SEM-BIB images at different scales.

6.4 Results
6.4.1 Diagenetic Observations, Pore Symmetry Quantification and Upscaling Approach

The SEM-BIB technique enables pore visualisation down to nm scale. The argon ion beam
preparation enables unique insight into pore geometries and morphologies (Desbois et al., 2011).
The number of individual pores per sample in the so far investigated 7 SEM-BIB images varies
between ~20.000 and ~80.000. With the information provided by EDX and SEM-BIB analysis
a relative timing of crystallisation was established (Fig. 6.6) and compared to existing analysis
of diagenetic evolution of the Permian tight gas reservoir by Havenith et al. (2010). Especially

with regard to different generations of clay mineral growth, these well polished samples provided
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valuable additional information.

Aeolian deposits show non-continuous illite and chlorite coatings around detrital quartz and
feldspar grains (Fig. 6.7). Information about the timing of hydrocarbon migration was derived from
euhedral titanite, growing on multiple generations of clay minerals (Fig. 6.7). In addition stress
indicators were identified. Coarse chlorite meshwork in the pore space blocks/inhibits later illite
growth and thus passively preserves initial porosity (Fig. 6.8).

In this study, an aeolian dune sample was analysed. Pore area quantification of the SEM-BIB image
shows that the pore fraction with the smallest pore area with a pore size between 0.0961 um?and
1 um is most abundant (82%, Fig. 6.4). However, they only cover a relatively small area of 22%.
Pore symmetry was determined by the elongation and the ratio of long and short pore axis with a

dominant elongation between 0.25 and 0.49 (Fig. 6.4).
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Fig. 6.6: Relative timing of crystallisation. Comparison of results of optical microscopy (green,
Havenith et al., 2010) and SEM-BIB (blue). Uncertainty displayed in light colours.

In a second sample, an upscaling approach was applied combining information from thin sections
and SEM-BIB. Colour threshold adjustment in the blue stained thin section gave a result of 0.9%
porosity and an amount of clay minerals including inter-clay porosity of 41.1%. Inter-clay porosity
is not further quantifiable with the limited magnification of optical microscopy. Inter-clay porosity
in the SEM-BIB sample was 13.6%, which taking into account the inter-clay porosity of 41.1% in

thin section, adds up to a total amount of porosity of 6.5%.
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Fig. 6.7: Non-continuous clay coating of a detrital feldspar grain in dark green. The growth of
euhedral titanite on two generations of clay minerals is associated with hydrocarbon migration.

IHlite

Fig. 6.8: Two illite generations. Further growth is blocked/inhibited by coarse chlorite meshwork.
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6.4.2 Error calculation

With the intention to quantify the error of manual
threshold analysis on SEM-BIB images, three
images were chosen in which all the pores were
interpreted manually and results compared
to the thresholding method. The first sample
shows the challenges of this method applied on
the 2D images. The SEM-BIB images provide a
uniquely long depth of view into the pore that is
partly filled by secondary quartz cement, which
will also be identified by the threshold (Fig. 6.9).
However, the upscaling from 2D sections in 3D
only holds true if the pore area estimated from
2D sections is truly 2D. In general, the pore areas
identified by automated interpretation are always
underestimated (Fens, 2000). Manually tracked
pores gave a result of 11.5 £ 0.6%, while threshold
analysis is estimated 10.4 + 0.1% porosity for
an individual image (Fig. 6.9). Whereas the
estimated porosity by calculation will be lower
in an automated analysis, the induced fractures
within SEM-BIB samples due to releasing stress
from well recovery will increase the porosity
by 0.6% on the example of image 1 (Fig. 6.9).
In two additional images manual interpretation
vs. threshold adjustment resulted in: 6.89% vs.
6.08% and 5.21% vs. 4.47%.

For the upscaling from SEM-BIB images to thin

ar _ " " 711.5 £0.6% porosity

Fig. 6.9: A: Original SEM-BIB image. B: Result
of manual threshold adjustment. Euhedral
quartz in the pore is a challenge for threshold
adjustment. Fractures highlighted in yellow.
C: Manual interpretation of porosity.

sections only the inter-clay pores are of interest, because pores of bigger sizes are quantifiable

with thin section analysis. In addition, the 3D effect that is a challenge in the SEM-BIB images is

absent in thin sections. Consequently, the major pore shown in image 1, which is not an inter-clay

pore, is not included in SEM-BIB analysis. When the fractures are subtracted from the result of
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automated analysis the resulting porosity is 9.8%. In comparison, the calculated porosity from

sonic velocities is 9.4% + 1.9%.

6.5 Discussion and Conclusions

The information provided by the SEM-BIB method, in addition to optical microscopy, improves the
diagenetic analysis. The nicely polished samples are a valuable source of additional information,
especially concerning the differentiation of multiple clay mineral generations (Fig. 6.7). One
example is the observation of non-continuous clay coats around detrital mineral grains, which are
characteristic for active depositional settings (Esch et al., 2008 and Adjukiewicz et al., 2010). In
such systems dunes are restricted in height as a result of high wind velocities and limited sediment
supply (Fryberger and Dean, 1979). Additionally, abraded clay coats indicate a further sediment
transport (Esch et al., 2008 and Adjukiewicz et al., 2010). This observation supported previous
core interpretations by Vackiner et al. (2010) and is important concerning the identification of
modern reservoir analogues.

Pores can be quantified with respectto their size, distribution, surface, roughness and mineralogical
phases in tight reservoirs rocks. Those parameters serve as direct input for fluid flow modelling.
The observations show that uncertainty decreases with increasing areas analysed. In this
chapter, a minimum pore value/area was established for pore size interpretation to avoid false
statistics and pixel errors. However, the charts (Fig. 6.4) indicate that the porosity in even smaller
pores, which are not considered in this study, might only have a marginal influence on poro/
perm characteristics. To investigate this assumption, fractal dimensions of pore size distributions
as discussed by Krohn and Thompson (1986) and Schlueter et al. (1997) will be investigated in
future studies.

The approach of upscaling from SEM-BIB to thin sections improves optical porosity estimation.
Further upscaling to core and reservoir scale is investigated in the ongoing study. The application
of the technique and the methodology introduced on the example of the tight gas field in Northern
Germany can provide improved knowledge and understanding of the reservoir petrology in

hydrocarbon reservoirs worldwide.
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7. Conclusions and Outlook

This chapter provides a résumé of the results and conclusions obtained from the studies presented
in chapters 3 to 6. The questions and challenges that formed the motivation for this study, as
described in the introduction, are discussed. In addition, an outlook on future projects, inspired by

the results of this study is given.

7.1 Résumé

Dealing with the question to which extent seismic data can provide crucial information about the
architecture and the framework of tight gas reservoirs, an intensive analysis of a 3D seismic data
set of the Upper Rotliegend (Upper Permian) in East Frisia in Northern Germany was carried out.
The main focus lay on seismic attribute analysis, which revealed a polygonal pattern of different
scales on time-slices respectively horizon slices. In vertical seismic sections, the majority of the
outlines of the polygonal pattern were identified as faults. Offsets of these faults varied from
hundreds of metres to some tens of metres. However, in some cases no offset was visible at
all, most likely as a result of limitations in vertical resolution of seismic data. In order to gain
a better understanding of the recognized features, a suitable modern analogue was identified
with the Panamint Valley in California, United States. Both study areas have a similar structural
and sedimentary setting. Sediments were deposited under arid climate in an extensive structural
setting with a strike slip component. The dominant sedimentary facies recognized during the field
study in the Panamint Valley and from core material from Germany are dry aeolian (dunes and dry
sandflats) and wet aeolian (damp and wet sandflats and mudflats) deposits.

On satellite images of the Panamint Valley, mega-crack systems were indentified on the
ephemeral dry lake in the centre of the northern part of the Panamint Valley. The dimensions of
these features reach lengths of more than a kilometre and depths of more than one metre. They
form a polygonal pattern consisting of multiple lineaments of different dimensions, from km-scale
to m-scale. Ground resistivity measurements of these mega-cracks implicated a vertical influence
of the crack-, respectively fissure system of more than 3.5 metres and in a case described by
Langford and Eshete (2000), even up to more than 8 metres. Although a tectonic component has
to be taken into consideration for the development of the mega-cracks in an active region like
the Basin and Range Province, their evolution is mainly triggered by multiple wetting and drying

cycles of (predominantly) clay minerals.
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It can be summarised in four major steps: (1) The development of subsurface cavities, which grow
towards the playa until the surface finally collapses. (2) The cracks are then refilled predominantly
by wind-blown sand and collapsing crack walls. Vegetation in the cracks serves as sediment trap.
(3) Sandy bulges develop around the bushes and during time get eroded after vegetation died. In
contrast to the surrounding non-cracked playa surface, the areas of refilled cracks are composed
of coarser grained sediment. (4) Due to the established heterogeneity in the deposited sediments,
future cracks preferably develop at locations of refilled cracks. As a result the vertical influence of

these features increases continuously.

Increased stress during burial and differences in compaction between heterogeneous and
homogeneous areas on the former playa surface favour the development of weakness zones
(Cartwright et al., 2003). Due to better porosity, as a result of a higher amount of coarser grained
sediment as crack-fills, these zones represent pathways for fluid migration. With time, some of
these zones are likely to develop into faults or even into a polygonal fault system as described by

Cartwright et al. (2003).

The geological model, developed on the modern analogue, combined with the hypothesis of
Cartwright et al. (2003) was then applied to the interest area of the Permian tight gas field in
Northern Germany. Results revealed that the polygonal patterns of the two study areas were
geometrically and sedimentologically comparable. Based on these observations, it is conceivable
that the fault and fracture pattern, identified by seismic attribute analysis, initially developed
from a sedimentary setting similar to the Panamint Valley. Concerning reservoir quality, such
fault systems including the subtle sub-seismic faults can have an influence on fluid migration
and thus on diagenetic processes. In some cases the outlines on the z-slices are associated
with depressions in the vertical sections affecting 3-4 seismic reflectors. Comparable features
were interpreted as pipes (fluid migration pathways) by Hustoft et al. (2007) from the Miocene
Kai-Formation of the mid-Norwegian margin. In the case of the studied reservoir in Northern
Germany, a decrease of initially good reservoir quality, especially in aeolian dune deposits, is
described by Gaupp et al. (1993) and Gaupp and Solms (2005) as a result of fluid migration.
Porosity inversion decreases with increasing distance to neighbouring faults. The fracture and
fault system is likely to be responsible for subtle reservoir compartmentalisation in the study area

in East Frisia, Germany.
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In addition, a sedimentary facies analysis of the cores from the East Frisian tight gas field, with
a focus on sedimentary facies interpretation, was carried out. The workflow for the differentiation
of sedimentary facies was mainly based on grain sizes and internal structures/geometries. To
compare the sedimentary facies distribution and depositional environment of the tight gas field
with a second interest area in northern central Germany, ~200 km east of the tight gas field, 4
additional cores were analysed. In the second study area, the majority of aeolian sediments
occur in the Wustrow, Bahnsen and Munster Member and were deposited in a temporarily wet
environment. The limited thickness of the dune intervals did not allow a distinct differentiation in
various dune types, as it was possible in the East Frisia area. Fluvial sediments developed under
low energy currents. Sedimentation mainly took place in a sub-aquatic milieu. Clay intervals in the
cores often contain micro-fracture systems that are, in most of the cases, layer bound with a minor
vertical component. This information might be essential for future field development, especially
with the focus on hydraulic fracturing.

In contrast to the sedimentary facies analysis of the cores from East Frisia, core material of the
Bahnsen and Munster Members, which directly overly the actual reservoir interval, was analysed
in the northern central German study area. Palaeogeographically, the northern central German
gas field is located closer to the centre of the SPB than the East Frisian interest area. Core
material suggests a direct influence of the lake level changes of the great saline lake of the
SPB and marine ingressions on the sedimentation of the northern central German study area.
As a result, reservoir rock quality during the Bahnsen Member is better in East Frisia due to the
occurrence of thicker aeolian successions and lower clay contents. For the East Frisian area, it
can be assumed that aeolian successions decrease and wet deposits increase with a growing
expansion of the Rotliegend lake or marine ingressions that took place at the latest with the onset
of the Zechstein transgression. In general, this study suggest that aeolian deposits and thus rocks
of good reservoir quality can be found in younger intervals at the SPB margin compared to areas

situated near the basin centre and the saline Rotliegend lake.
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7.2 General Implications

This study indicates that seismic data provides essential information about reservoir properties
and improve reservoir modelling and field development (chapter 3). However, the establishment
of a detailed geological model requires additional information besides seismic data. The high
importance of modern analogues for the development of the structural and depositional model,
especially with the focus on tectonic and sedimentary interaction can not be underestimated. Only
with the development of these models, an explanation of the origin of the features recognized on
seismic data is possible. It enables a distinct characterization of the interest area, and thus allows
an integration of the information which results in a refinement of the geological models (chapters
3 & 4). For future exploration, extensive seismic analysis, including multiple amplitude-dependent
and amplitude-independent seismic attributes, is recommended. The focus of investigation
should lie on z-slices (respectively time slices) in addition to the vertical sections. Furthermore,
additional information about diagenesis, porosity values, porosity distribution/classification can
be provided by SEM-BIB analysis, which supports and extends thin sections analysis and builds
the foundation for an upscaling workflow (chapter 6) that improves the understanding of reservoir

properties.

Results of this thesis emphasise the importance of an improved understanding of the complex
reservoir architecture of hydrocarbon reservoirs. This includes the heterogeneity in the sedimentary
succession in addition to subsurface data, well logs and core data. Although time consuming, only
intensive multidisciplinary, multiscale studies and the analysis of modern analogues, can provide

suitable input for risk assessment and minimize exploration risks.

7.3 Outlook

Chapter 6 provided an approach for the upscaling of SEM-BIB images to thin sections as a
first step in porosity extrapolation. Future work will focus on establishing a workflow for further
upscaling of porosity from thin section to plug, from plug to core and from core to reservoir
dimensions. Additionally, SEM-BIB images and thin section analysis revealed non-continuous
clay coatings around detrital quartz and feldspar grains. In general, grain coats are interpreted
to develop very early during diagenesis, or even during the sedimentation process in the lower,
humid parts of dunes. The abrasion recognized, indicates a further sediment transport in an active

dune system, in which dune heights are limited due to high wind velocities and limited sediment
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supply. Continuous clay coats are thought to indicate a stable, stabilized dune system allowing the
development of higher dunes (Esch et al, 2008 and Adjukiwicz et al., 2010). However, processes
of clay coat development are not entirely understood. Yet, clay coats have a high influence on
later diagenetic processes during burial. Continuous coats around quartz grains prevent quartz
overgrowth during diagenesis and as a result prevent porosity reduction. For a better understanding
of these earliest diagenetic processes, samples from modern analogues of different dune types
(barchanoid, aklé and transverse dunes) and heights are required. Additionally, the dune samples
should be analysed concerning their position in the dune field and in the individual dune, e.g.
windward side or lee side, dune base or dune ridge, coarse grained sheet flow or fine grained
suspension fallout. Proposed study locations are the Death Valley National Park in California,
United States, the Namib Desert in Namibia and the Wahiba Sands in Oman. In the Death Valley
National Park, a variety of dune types can be analysed, ranging from small barchanoid dunes of
1 to 5 metres height, to amalgamated star dunes of more than 200 metres in Eureka Valley. Clay
coats, covering detrital grains, were noticed in samples from the Death Valley National Park during
this study. In the Namib desert and the Wahiba sands, grain coats can be analysed, especially
with the focus on lateral distribution dependant on the distance to wet or moist environments as
source area of the clay minerals. In addition, the influence of an increased carbonate fraction on
grain coat development can be observed in the Wahiba Sands in the Oman desert. In Namibia,
in addition to different dune types (barchanoid dunes at the Skeleton Coast and huge transverse
dunes in the inland Namib), differences between red Fe-oxide coats and clay coats are of interest.
Finally, the information gained from this analysis will increase accuracy of the upscaling process

and provide input for diagenesis simulations.
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