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Abstract

| carried out a magnetotelluric field survey in the southeastern area of the Lower Saxony
Basin, in Germany. Eighty-three magnetotelluric stations were deployed along a SW-NE,
sixty-three kilometre long profile. The main goals of the survey were of testing this
geophysical method for imaging the regional Posidonia black shale formation and

evaluating the influence of thermal maturity in its electrical resistivity.

The acquired data were highly affected by cultural noise. For this reason, | discarded the
southern profile section between stations one and twenty-seven. However, data processing

was successful for the majority of stations between twenty-eight and eighty-three.

The corresponding geo-electric strike estimates point to a predominantly E-W direction, in

accordance with regional geology and major faults.

Two-dimensional magnetotelluric inversion results of the acquired data show a series of
electrically conductive structures which correlate with brine saturated sediments but also
with deeper, meta-anthracitic/graphitized Carboniferous coals. However, none of these
structures could be directly related with the Posidonia black shale, which appears to be
generally electrically resistive due to its low thermal maturity and, therefore, very difficult
to resolve with the magnetotelluric method.

Besides the magnetotelluric experiment, | made a series of laboratory measurements of
electrical resistivity on a set of Posidonia black shale samples from the Hils syncline
structure found in the Lower Saxony basin. The corresponding rock samples were collected
in shallow wells named Wickensen, Harderode and Haddessen. These three wells show
immature, oil and gas thermal maturities, respectively. Results showed that the Posidonia
black shale samples are electrically resistive, when measured in dry conditions.
Furthemore, electrical resistivity is consistently higher when measured against rock
bedding, which indicates that the Posidonia black shale is heterogeneous and electrically

anisotropic.

| observed no direct correlation between electrical resistivity and thermal maturity: the
Harderode samples showed the highest electrical resistivity, whilst the Haddessen samples
showed the lowest. This was an unexpected result because the increase of thermal maturity
between Wickensen and Haddessen contributed to the aromatization of the organic carbon

in the Posidonia black shale. Consequently, this effect should have contributed to a constant



decrease of electrical resistivity in the Posidonia black shale between Wickensen and
Haddessen. An ineffective drying process and the presence of moisture could have been
the reasons for the observed trend of electrical resistivity.

| tested the dependence of electrical resistivity of the Posidonia black shale samples on
water content by saturating them with distilled and saline water solutions. The saturation
process led to a constant and significant decrease of electrical resistivity of the
experimented samples. Moreover, increasing salinity corresponded to higher drops in
electrical resistivity for the Wickensen and Harderode samples. However, the observed
decrease of electrical resistivity with distilled water of electrical resistivity was generally
lower at the Haddessen samples, meaning the influence of water content in electric

conduction could be lower for these samples.

To constrain the influence of water content in electric conduction through the Posidonia
black shale, I measured the porosity of all samples and correlated it with electrical
resistivity of the water saturated samples. Strong and positive correlations were observed
for the Wickensen and Harderode samples. No correlation was observed, however, for the
Haddessen samples, possibly due to the lack data points. These observations indicate that
the electrical resistivity of Posidonia black shale, at the immature and hydrocarbon
generation stages, is porosity controlled.

I also correlated electrical resistivity with the organic carbon content of the samples. No
correlation was observed in the Wickensen and Harderode samples, but a strong and
positive correlation was observed for the Haddessen samples. This result together with the
less prominent influence of water in electric conduction through the Haddessen samples
strengthens the possibility of a more influential role of carbon in electric conduction at the

gas stage in detriment of pore water and porosity.

I conclude from my research that the electrical conductivity of black shales depends on a
variety of factors. At immature and hydrocarbon-generation thermal maturities the
Posidonia black shale is not electrically conductive. Furthermore, electric conduction at
these maturities seems to be mainly controlled by water content and porosity rather than by
carbon content. Because of this, the magnetotelluric method has limited potential for the
exploration of such black shales in sedimentary basins such as the Lower Saxony basin.
The main difficulty is to distinguish them from other over- and underlying water-rich
formations. It is possible, however, to characterize black shales with higher thermal
maturities. The deep and highly conductive body present in the inversion models related to

meta-anthracitic/graphitized Carboniferous coals, is proof of that possibility.
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1 Introduction

Black shales are seen today as one of the most promising alternative source rocks for oil
and gas of the future. They contain high levels of organic carbon in the form of kerogen
(insoluble organic matter) and/or bitumen (soluble organic matter) that converts into
hydrocarbons (oil and gas) under the right thermogenic and/or biogenic conditions
(Jarvie et al. 2007). In general, it is known that thermal maturation is responsible for
hydrocarbon generation in black shales (Tissot & Welte 1984; Selley 1998). However, the
geochemical processes undergone in the organic carbon and their consequences on the

physical properties of the rock, such as porosity and permeability, are not fully understood.

In the year of 2009, a project called GASH (Gas Shales in Europe: www.gas-shales.org)
was created to better understand and characterize black shales and the associated effects of
thermal maturation. For these efforts, the project brought together hydrocarbon exploration
companies and research institutes from Europe in the field of geosciences. Within the
framework of the project, research was performed in the fields of geochemistry and
petro-physics (rock mechanics, porosity, permeability and fluid-flow) at the reservoir scale,
and in the fields of geophysics (seismic and magnetotellurics (MT)) and basin modelling
at the regional scale. This thesis focuses on the geophysical part of the project, specifically
on the MT study.

Black shales have been suggested as possible causes for a number of low electrical
resistivity anomalies found in the Earth’s upper crust (Gaucher 1983;
Loukola-Ruskeeniemi 1989; Korja & Koivukoski 1990). Low electrical resistivity in black
shales is also related to high thermal maturation (>400°C) (Duba et al. 1988; Raab 1998).
Increasing temperatures provoke a change in the chemical composition of the organic
carbon found at the grain boundaries of black shales, which consequently turns it into an
electrically conducting phase (Jodicke 1992). More recently, a study by
Weckmann et al. (2007b) imaged the Whitehill black shale horizon in South Africa as a
laterally extensive layer of very low electrical resistivity which could be mapped over
hundreds of kilometres. Complementing this study, laboratory measurements were also
conducted on Whitehill black shale rock samples and confirmed that lower electrical
resistivity was related to those samples which had been exposed to higher temperatures
(Branch et al. 2007).


http://www.gas-shales.org/

Various black shale formations have been identified in Europe and investigated for GASH.
One of them was the Posidonia black shale (PBS), which is located in the Lower Saxony
Basin (LSB), in Germany. In this area, the research groups involved in GASH conducted
geochemical, petrophysical, seismics and basin modelling studies. The PBS formation is a
Lower Jurassic, 100 m thick, sedimentary horizon that is found predominantly at 2 km
depth (e.g. Bruns et al. 2013). Furthermore, it has been influenced by a thermal maturity
anomaly centred at the southern part of the LSB (Bartenstein et al. 1971). In other words,
the PBS experienced different temperature levels, which were maximum at the southern
margin and minimum at the northern margin of the LSB. It was, therefore, an objective of
the MT experiment to resolve the PBS as a distinguishable feature and study a possible
relation with thermal maturity. To accomplish this, a 63 km-long MT profile, was set up
during November/December of 2011. It consisted of 83 stations and it crosses the LSB
between the cities of Osnabriick and Hannover (Figure 1.1) and is approximately

perpendicular to the main geological strike direction (Baldschun et al. 2001).
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Figure 1.1 - Location of the MT profile and Hils Syncline area in the Lower Saxony basin, in
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northwestern Germany (modified after Bruns et al. 2013).



In addition to the MT study, | also carried out a series of laboratory measurements on PBS
samples to characterize their electrical properties. These samples were collected from three
different wells (Wickensen, Harderode and Haddessen) located within the Hils syncline in
the LSB and cross different levels of thermal maturity (Mann 1987). This structure is
located approximately 30 km southeast of the MT profile. The depositional and tectonic
history of the PBS is similar between the wells so the differences in their physical and
chemical properties is mainly due to varying thermal maturity (Bernard et al. 2012Db).
With these laboratory measurements, | sought to characterize a possible correlation
between electrical resistivity and thermal maturity, total organic carbon, porosity, water
content and sample anisotropy, and to use these results as constraints to the interpretation
of the MT results.

The remainder of the thesis is structured in the following way: In chapter two, | define
black shales and explain where and in which conditions these rocks serve as a source rock.
Furthermore, | discuss how thermal maturity affects the composition of black shales and,

consequently, their electrical resistivity.

In chapter three, | describe the geological setting of the LSB, in Germany. Moreover, | also

explain the thermal maturity anomaly which affects the study area.

In chapter four, | present the MT study carried out in the LSB. This chapter includes the
fundamentals of the MT theory, the strategy for data acquisition and its processing,

inversion modelling and discussion of the obtained results.

In chapter five, | present the laboratory work done on the PBS samples. This chapter
includes the theory behind the determination of electrical resistivity and porosity of the

samples, the description of used apparatus, the results and corresponding discussion.

In chapter six, | present the main conclusions and outlook of this thesis.






2 Definition of black shales

A black shale is a ‘dark-coloured’ fine-grained mudrock (Tyson 1987). Mudrocks are
known to be primarily constituted of clay minerals, such as illite, muscovite, kaolinite and
chlorite, but also quartz and feldspar minerals. However, in the particular case of black
shales it is common that carbonate (mainly calcite and dolomite) and sulfide (mainly pyrite
and pyrrhotite) minerals also form an important part of the mineral matrix (Wignall 1994).
The ‘dark colour’ originates from the richness in organic matter, which is the main
distinction to a normal shale. Figure 2.1 shows the typical outward appearance of a black

shale.

Figure 2.1 - A typical black shale. Source: Wikipedia.

The deposition of black shales occurs in constricted seas or lakes that possess bottom waters
with anoxic conditions (Wignall 1994). Under these conditions, the organic matter (mainly
composed of phytoplankton and marine algae) can deposit and be preserved at the bottom

of the water column without oxidation and burrowing.

After deposition, and ongoing sedimentation, black shales are formed through diagenesis
(Tissot & Welte 1984). During this process organic matter transforms mainly into kerogen



but also into bitumen. These two organic compounds, plus hydrocarbons in the form of
methane, constitute a black shale’s organic matter. A commonly used estimate of organic
matter in a black shale is the total organic carbon (TOC) (Selley 1998). TOC represents the
carbon that is bound to other organic compounds within the organic matter and can
constitute 2 to 10 vol. % of a black shale, sometimes even 20% (Tourtelot 1979).

2.1 Black shale as a source rock

According to a report from the U.S. department of Energy Information Administration
(EIA)L, the most recent estimate for technically recoverable hydrocarbons from 137 black
shale formations in 41 countries accumulates to, at least, 345 billion barrels
(1 barrel = 159 litres) of shale oil and 7201 trillion cubic feet (tcf) (1 tcf = 0.0283 m?®) of
shale gas. Figure 2.2 shows a world map with the location of these formations. The red
coloured areas represent those formations which account for the previous estimates and the
tan coloured areas represent those formations that have been reviewed but have not yet
been accounted in the estimates due to lack of data. To put in perspective, the shale gas and
shale oil estimates represent 32% and 10%, respectively, of the total natural gas and oil
resources still remaining worldwide. Nevertheless, the worldwide consumption of natural
gas and oil is thought to increase from 120 tcf/year and 97 million barrels/year today to
185 tcf/year and 115 million barrels/year in 2040. Therefore, the available shale gas and
shale oil reserves are already enough to account for ~66% of the global demand of natural

gas and ~80% of the global demand of oil in the next 26 years.

1 «“Technically Recoverable Shale Oil and Shale Gas Resources: An Assessment of 137 Shale
Formations in 41 Countries Outside the United States” 2013.



Legend

I Assessed basins with resource estimate * Q
Assessed basins without resource estimate

Figure 2.2 - World map showing the distribution of sedimentary basins with and without resource
estimates for the corresponding black shale formations. Source: The 2013 U.S. EIA report
"Technically Recoverable Shale Oil and Shale Gas Resources: An Assessment of 137 Shale
Formations in 41 Countries Outside the United States".

Black shales are an important source-rock because of their organic matter generates
hydrocarbons in different forms through thermal cracking (Tourtelot 1979).
Thermal cracking occurs with the increase of temperature which occurs with deep burial,
heat sources like magmatic intrusions and/or hydrothermal activity. The process of thermal
cracking is divided in three phases (Tissot & Welte 1984): The first phase is the already
mentioned diagenesis which occurs in the first few hundred meters of burial up to
temperatures of 50°C. During diagenesis, methane is generated. The second phase is
catagenesis. With the increase of temperature up to 150°C, oil and wet gas are formed.
The third and final phase is metagenesis. With further increase of temperature until 200°C

dry gas is formed. At higher temperatures, however, hydrocarbon generation ceases.

The released hydrocarbons are stored inside the source-rock’s pore system and/or in the

reservoir strata that are overlying the source rock, depending on the particular geology.

For more information on this topic, see Tissot & Welte (1984) and Selley (1998).



2.2 Determining the thermal maturity of black shales

The thermal maturity of black shales is determined by the measure of the maximum
temperature they have been exposed to. This property is commonly measured with vitrinite
reflectance (Tissot & Welte 1984). The higher the temperature a black shale has been
exposed to, the higher the vitrinite reflectance is. Typically, vitrinite reflectance data is
presented in units of % Ro, which is the mean percentage of reflected light from a sample
which is immersed in oil (% Ro = % reflectance in oil) (Adriasola-Munoz et al. 2007).
This method is particularly sensitive in the temperature range of hydrocarbon generation.
According to Tissot & Welte (1984), vitrinite reflectance values for the oil generation
window lie between 0.6 and 1% Ro. For the gas generation window, between
1 and 2% Ro. For temperatures beyond the oil and gas windows, the remaining organic
matter in black shales enters the anthracite stage with vitrinite reflectance as high as
4% Ro. Past this point, the range between maximum and minimum vitrinite reflectance
values increases and it becomes difficult to determine the real reflectance
(Teichmuller et al. 1979). This is due to the increase in reflectance anisotropy due to
chemical rearrangement of the organic matter with thermal maturation. Nevertheless, up
until mean reflectance of 10% Ro, anthracitic organic matter is in a metamorphosed state
and is sub-categorized as meta-anthracite or amorphous graphite. The last stage of thermal
maturation turns meta-anthracitic organic matter into graphite with mean reflectance higher
than 10% Ro (Teichmiiller et al. 1979).

2.3 Electrical resistivity of black shales

The electrical resistivity of black shales depends mainly on its depositional history. One
aspect is the mineral constitution and its distribution. Table 2.1 summarizes electrical
resistivity values for minerals typically found in black shales (no values regarding the

electrical resistivity of illite were found, unfortunately).



Table 2.1 - Electrical resistivity values for minerals typical for black shales.

References: 1 — Schon (2004); 2- Parkhomenko (1967); 3 — Manouchehri et al. (2001).

Minerals Electrical Resistivity (Qm) References
Calcite 9*1013; 5*1012 1,2
Dolomite 4*1013 1
Quartz 1012 -2*10%4 1
Pyrite 1*¥104-1*101 1
Pyrrhotite 6*104—-4%102 2
Muscovite 1*10%4 - 1*10%6 2
Chlorite 2*%10° 1
Kaolinite 3*107 1
Illite - -
Feldspar 1*107 3

Most of these minerals can be considered insulators because of their high electrical
resistivities. The only exceptions are the iron sulphides (e.g. pyrite, pyrrhotite).
However, in the case of black shales, iron sulphides normally occur in isolated clusters and
do not form widespread interconnected networks required to influence electrical resistivity
(regionally) (Wignall 1994).

Also influencing a black shale’s electrical resistivity is its organic matter present at grain
boundaries and its thermal maturity (Jodicke 1992). Chemically, an immature black shale’s
organic carbon is composed of dispersed planar aromatic compounds which are linked by
aliphatic compounds (Tissot & Welte 1984). Figure 2.3 shows two examples of aliphatic

and aromatic compounds found in kerogen and/or bitumen.

Aliphatic compound: Aromatic compound:
H
| Iﬁ I : :
AN G
H HHH H H
Butane H
Benzene

Figure 2.3 - Butane and Benzene hydrocarbons are two examples of aliphatic and aromatic
compounds found in kerogen and/or bitumen.



The aromatic carbon rings contain delocalized electrons that are free to circulate onto
neighbouring aromatic compounds. However, their aliphatic links do not allow these
electrons to circulate freely within the organic matrix. Because of this, immature organic
carbon can be considered a non-conductive substance (Walters et al. 2014). When exposed
to thermal maturation, however, the chemical arrangement of immature organic carbon
changes. Figure 2.4 shows a sketch of the main stages of evolution of organic carbon with

thermal maturity.

a) Immature (<0.8% Ro) b)  Early Anthracite (2% Ro)

9%; ;ff“

%\

Figure 2.4 - Conceptual model of the structural development of carbon in organic matter at the
a) immature/oil stage (<0.8% Ro), b) anthracite stage (¥2% Ro) and c) semi-graphite and/or
graphite stage (>10% Ro) (modified after Rouzaud & Oberlin 1984).

As oil starts to form from kerogen and bitumen, the remaining organic carbon suffers
de-oxidation and de-hydrogenation (Tissot & Welte 1984). This is accompanied by
aromatization of the aliphatic compounds which promotes the formation of poly-aromatic
structures (Rouzaud & Oberlin 1990). In the gas stage these structures begin to coalesce
which leads to a decrease of the electrical resistivity of the black shale
(Rouzaud & Oberlin 1990). Furthermore, the poly-aromatic structures progressively align
parallel to each other and form planar domains with a turbostratic nature (Villey et al. 1976,
1979; Oberlin et al. 1979; Oberlin 1989). These structures are composed of stacked layers

of poly-aromatic carbon with conjugated sp? connections that are held together by Van der



Waals forces (e.g. Amelinckx et al. 1965). This carbon configuration is electrically
anisotropic because electrical conduction is higher along the planar domains rather than
across them (Krishnan & Ganguli 1939). The final stage of turbostratic alignment is the
graphite stage. Graphitic carbon is the most electrically conductive carbon structure.
Typical range of electrical resistivity of graphite ranges within 3.0x107® to 2.5x107® Qm
(e.g. Pierson 1993).

Table 2.2 summarizes reported values and/or ranges of electrical resistivity of black shales

in different thermal maturities.

Table 2.2 - Electrical resistivity values and/or ranges of black shales in different thermal maturity
stages. References: 1 — Duba (1983); 2 — Ahmad et al. (1991); 3 - Raab et al. (1998);
4 — Duba et al. (1988); 5 — Branch et al. (2007).

Black shale Formation Electrical Resistivity (Qm) Maturation Stage References
Green River Oil Shale (USA) 1*107 Oil Window 1

El-Lajjun Shale (Jordan) 1*107 Oil Window 2

Altmark Shale (Germany) 3.6*10° Early Anthracite 3

Alum Shale (Germany) 2*10°-1.7*10 Meta-Anthracite 3,4
Whitehill Shale (S. Africa) 4*100-6*100 Meta-Anthracite 5

Prince Albert Shale 8*103-5%103 Meta-Anthracite Graphite | 5

(S. Africa)







3 Geological setting

The study area is located in the Lower Saxony Basin (LSB) in northwestern Germany
(Figure 3.1). This basin is a graben-in-graben system located within the greater
North German Basin (NGB), also known as South Permian Basin (SPB) which is part of

the Central European Basin System (CEBS) (e.g. Ziegler 1990; Kockel et al. 1994;
van Wees et al. 2000).
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Figure 3.1 - a) Location of the Central European Basin System (CEBS) in Northern Europe (modified
after Maystrenko et al. 2008). In outline are the main basin depo-centres of the CEBS (NPB,
Northern Permian Basin; SPB, Southern Permian Basin; PT, Polish Trough). b) Location of the study
area within the LSB (purple fill), comprised in the NGB (red fill) (modified after Kockel et al. 1994).

The NGB is deposited on Variscan crust in the south and on Caledonian crust in the north
(Ziegler 1990). The central part of the NGB is believed to be deposited on the
pre-Caledonian North German massif (Torsvik et al. 1993; Franke et al. 1996;
Tanner & Meissner 1996). Total thickness of Late Carboniferous to Cenozoic sediment
infill can exceed 8 km in its depo-centres (Schwab 1985; Bayer et al. 1995). For a general
stratigraphic column of the LSB, with the main tectonic events and corresponding
litho-stratigraphy, see Figure 3.2.
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Figure 3.2 - Generalized stratigraphy of the LSB from Permian until recent times based on the

German Stratigraphic Commission (modified after Senglaub et al. 2006).

24




Main orogenies

Structural evolution initiated in Late Carboniferous - Early Permian with N-S rifting of the
area of the CEBS caused by the Variscan mountain range. This crust build-up formed due
to the collision of the Euramerica and Gondwana continents (Ziegler 1990).
This event was accompanied by strong volcanism (Benek et al. 1996;
Breitreuz & Kennedy 1999). Then, between the Early Permian and Middle Triassic,
thermal relaxation of the lithosphere and sedimentary loading caused subsidence of the
northwestern and centre areas of the CEBS (Scheck & Bayer 1999). This caused former
N-S trending grabens to join and form the predominant WNW-ESE sediment depo-centres
related to the NGB and NPB (Betz et al. 1987; Ziegler 1990). Afterwards, between the
Middle Triassic and Jurassic, differentiation in sediment depo-centres occurred due to a
new E-W extension regime related to the Atlantic continental break-up between the
American and European continents (Mazur & Scheck-Wenderoth 2005). This led to a new
alignment of the NGB sediment depo-centre from a WNW-ESE alignment to a NNE-SSW
alignment (Betz et al. 1987; Scheck & Bayer 1999). Furthermore, at this stage, a vertical
movement of Zechstein salt was initiated (Scheck et al. 2003a;
Scheck-Wenderoth et al. 2008b).

In the Late Jurassic subsidence decreased (Kossow & Krawczyk 2002) and the uplift of the
NGB began, which led to erosional unconformities (Betz et al. 1987). A dextral
trans-tensional regime was established during the Early Cretaceous, in addition to pre-
existing tectonics (Betz et al. 1987; Scheck & Bayer 1999). As a consequence, the
WNW-ESE Variscan structures were reactivated which caused strike-slip displacements
and consequent formation of en-echelon sub-basins in the NGB, one of them being the LSB
(Mazur & Scheck-Wenderoth 2005). Also, further salt movement occurred during this time
(Scheck et al. 2003a; Scheck-Wenderoth et al. 2008b).

Between the Late Cretaceous and Palaeocene, the collision of Gondwana and Eurasia led
to an inversion of the LSB induced by the Subhercynian/Lamaride tectonic phase
(Kockel 2002; Maystrenko et al. 2008). Basin inversion is the relative uplift of a
sedimentary basin or of similar structures as a result of crustal shortening. This event led
to the uplift of the southern margin of the LSB (along the pre-Permian Osning lineament)
and resulted in erosion of more than 6000 m of sediments (Senglaub et al. 2005, 2006;
Adriasola-Munoz et al. 2007). Whilst the LSB was inverted, the neighbouring sedimentary
blocks underwent subsidence (Walter et al. 1995; Petmecky et al. 1999).



After the inversion period, thermal subsidence of the entire CEBS was resumed in the
Tertiary due to far-field tectonic stress coming from continent collisions associated with
the Pyrenees and/or the Alps mountain ranges (Scheck-Wenderoth & Lamarche 2005;
Rasser & Harzhauser 2008). This subsidence process was accompanied by Zechstein salt
vertical movement, which increased the growth of the previous Middle Triassic and
Jurassic N-S oriented salt walls (Scheck & Bayer 1999). The overall present-day stress
regime in the CEBS exists since the Miocene and is predominantly characterized by
NW-SE compression and NE-SW extension (Heidbach et al 2008). The cause of these
effects is the on-going push forces of the Atlantic ridge and the forces related to

convergence of the Eurasian and African plates (Golke & Goblenz 1996; Goes et al. 2000).

Lithostratigraphy

The main lithologies of the NGB in the area of the LSB are the following: the Namurian
and Westphalian stages of the Carboniferous are known for its organic-rich coal seams
(Scheidt & Littke 1989), which are intercalated with silt- and sandstones
(Senglaub et al. 2005). These sediments denote the depositional shift from the Devonian
marine  environment to a Carboniferous partly terrestrial  environment
(Hedemann et al. 1984). The coal formations are regarded as one of most important natural
gas producing formations in NW Europe (e.g. Kockel et al. 1994; Littke et al. 1995;
Adriasola-Munoz et al. 2007). Overlying Permian sandstones and limestones form perfect
hydrocarbon reservoir layers (Kockel et al. 1994). Stephanian and Rotliegend
volcanoclastic sediments are rare below the LSB and are mostly confined to its northern
part (Maystrenko et al. 2010). The Permian gas reservoirs are then capped by a 1000 m
thick evaporate layer (carbonates, anhydrites and salt) that was deposited during the
transgressive hypersaline Zechstein Sea (Petmecky et al. 1999). After regression of the sea,
the following Lower Triassic sediments are composed of red clastics, which were deposited
in a terrestrial to lacustrine and fluvio-deltaic environment (Stollhofen et al. 2008). Then
in the Middle Triassic a marine transgression established a shallower marine environment
in the NGB (Schoneberg & Neugebauer 1987). The corresponding Muschelkalk sediments
are composed mainly of carbonates and interbedded evaporites (Petmecky et al. 1999). The
Late Triassic is then predominantly composed of clastic Keuper sediments (Stollhofen et
al. 2008). In the Rhaetian sea-level rose and re-established epicontinental marine conditions

(Bruns et al. 2013). By the Late Jurassic the Posidonia black shale, the target formation of



this study, was deposited (Kockel et al. 1994). It is a widespread organic carbon and
carbonate-rich black shale, nowadays located at 1 to 2 km depth with an average thickness
of 16 to 40 m (e.g. Riegel et al. 1986; Littke et al. 1991; Kockel et al. 1994). Total duration
of deposition during the Toarcian of the Posidona black shale was of about two to three
million years (Littke et al. 1991). According to Teichmuller & Ottenjhan (1977) the bulk
of the organic matter is derived from phytoplankton (green algae) and bituminite, whereas
small amounts of land plant-derived vitrinites and inertinites are present. Its well-laminated
character and the absence of current influence indicate that deposition took place below
current and wave base (Littke et al. 1991). Furthermore, the lack of burrowing and the
abundance of well-preserved hydrogen-rich organic matter point towards stagnant and
anoxic deposition conditions at the Toarcian Sea (Littke et al. 1991). Outside the LSB,
Posidonia black shale can also be found in the North Sea basin (Morris 1980; Jenkins 1985),
the Paris Basin (Espitalié et al. 1987), the Upper Rhine Graben (Welte 1979) and the
Yorkshire basin (Ziegler 1990). After the deposition of the Posidonia black shale, during
the Middle Jurassic Dogger, regular marine shale was deposited, intercalated with
sandstone during the a period of transgressive-regressive cycles affecting sea-level
(Gramann et al. 1997). By the Late Jurassic a more constant regression of the marine
environment led to the deposition of Malm carbonates and evaporites
(Mutterlose et al. 2000; Senglaub et al. 2005). Then, depositional conditions in the Late
Jurassic and Early Cretaceous corresponded to a shallow marine environment with
terrestrial influence (Petmecky et al. 1999). Until the Early Aptian organic-rich clastics
were deposited and in the Coniacian the deposition of carbonates was resumed
(Bruns et al. 2013). A period of basin inversion followed by basin uplift which lasted until
the end of the Cretaceous led to the erosion of most of the Late Cretaceous sediments
(Senglaub et al. 2005). Sedimentation of clay-rich sandstones resumed in the Paleocene
and is on-going (Betz et al. 1987). However, due to the northward tilt of the LSB these

sediments are mostly exposed on the northern margin (Bruns et al. 2013).



3.1 Thermal maturity of the Lower Saxony Basin

In the southwestern part of the LSB, around the area of Bramsche and extending to the east,
a positive thermal maturity anomaly has been found (Figure 3.3). In the center of the
anomaly, vitrinite reflectance of out-cropping Upper Jurassic organic-rich rocks have been
measured between 2.99 and 4.56 % Ro (Bartenstein et al. 1971).

The cause for the thermal maturity anomaly in the LSB was initially attributed to the
presence of deep-seated igneous intrusions, known as Bramsche and Vlotho massifs. This
theory was supported with the existence of magnetic (Schmidt 1914; Breyer 1971) and
positive gravimetric anomalies (Hahn & Kind 1971; Flotow et al. 1931). However, recent
basin modelling studies for maturity distribution and temperature history have excluded
that possibility and suggest instead that the observed maturity pattern of the LSB is more
likely to be caused by elevated heat flows which occurred during the Upper Jurassic
basinrifting, the Early Cretaceous basin inversion and the Early Cretaceous basin uplift
tectonic events (Petmecky et al. 1999).
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Figure 3.3 - Coalification map of the Upper Jurassic of the LSB based on Bartenstein et al. (1971)
(modified after Senglaub et al. 2006). Black lines correspond to the boundaries of the LSB in
relation to the Pompeckj and Minsterland Swells; dark grey dashed lines show main rivers; Light
grey dashed lines correspond to vitritinite reflectance isolines. For more information on the Hils
Syncline area, see chapter 5.



4 Magnetotelluric study of the Posidonia black
shale

4.1 Theory of the magnetotelluric method

The magnetotelluric method (MT) was primarily described by Tikhonov (1950) and
Cagniard (1953) and has been developed ever since. It is a passive geophysical method that
allows one to gain information on the electrical conductivity distribution on any given
underlying geological structure, using the natural electromagnetic field’s diffusion and

decay through Earth’s interior.

The electric, E, and magnetic, H, fields propagating through an isotropic medium obey to

the Maxwell equations:

VXE= —u2 (4.1)
VxH=(]+5) (4.2)
V-D=g (4.3)
V-H=0 (4.4)

D represents the displacement current and J the current density. All quantities in bold are
vectorial. g and u are scalar quantities that represent the charge density and the magnetic
permeability, respectively. The S.1. units of the quantities are expressed in the following
table:

Table 4.1 - Quantities and respective units.

Units
E Volt/meter (V/m)
D Coulomb/meter? (C/m?)
H Ampere/meter (A/m)
B Weber/meter? (wb/m?)
J Ampere/meter? (A/m?)
u Henry/meter (H/m)
p Coulomb/meter3 (C/m3)




According to Faraday’s law 4.1, a time varying magnetic field induces an electric field.
According to Ampere’s law 4.2 secondary magnetic field is induced. Equations 4.3 and 4.4
(after Gauss) state the source of electric field is proportional to the distribution of electric
charge and that magnetic monopoles are non-existent, respectively. The referred vectorial

guantities are related through the following expressions:

] =0E (4.5)
D = g&.E=c¢E (4.6)
B = pou,H = pH (4.7)

where g, is the permittivity of the free space, &, the relative permittivity, u, the permeability
of the free space, u, the relative permeability, and o the electrical conductivity.

The Sl units and dimensions are:

Table 4.2 - Quantities and respective units.

Units
£ Farad/meter (F/m)
o Siemens/meter (Q/m)

The values for electric permittivity and magnetic permeability in free-space are of
8.85x102 As/Vm and 4nx107" Vs/Am, respectively. These values are roughly the same for
most rocks and materials existing in the Earth. Electrical conductivity, though, is different
and varies quite a lot from rock to rock. Figure 4.1 shows a rough spectrum of electrical

resistivity (inverse of conductivity) associated to different classes of rock:

Fluids/Partial melt Metamorphic rocks
TTT—
Sulphide/Graphite  Salt water Sedimentary Rocks Volcanic rocks
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Figure 4.1 - Diagram of electric resistivity for different rocks. Sources: Haak & Hutton (1986),
Simpson & Bahr (2005), Chave & Jones (2012).



For MT, the following the simplifications of the Maxwell equations are applied (Cagniard
1953; Jiracek 1990; Keller & Frischknecht 1966):

- The natural electromagnetic source fields used in MT are generated by large-scale

lonospheric current systems. These fields are generated far away so they can be
considered as uniform, plane waves which have a near-vertical incidence on
Earth’s surface. The electric and the magnetic fields are described through the

following mathematical formulas:

E = E,e'®tkz (4.8)

B = Boeiwt—kz (49)

E, and H, are the initial amplitudes on the Earth’s surface, w the angular frequency
and k the wave number. These fields are time-dependent, but their change in time

is slow enough to consider them quasi-static fields;

- The Earth does not generate any electromagnetic energy. Energy is only absorbed
or dissipated,;

- Electric displacement current D is quasi-static for all periods. Therefore, it is
negligible compared to conduction currents, allowing to treat electromagnetic

induction as a diffusive process;

With these assumptions, the Maxwell equations can be rewritten in the following way:

VxE= -2 (4.10)
VxB= ucE (4.11)
V-E=0 (4.12)
V-B=0. (4.13)

A diffusion equation in terms of the electric and magnetic fields can be obtained by
combining the Laplacian of 4.10 and 4.11 and with the curl of 4.12 and 4.13:



Vx(VxE):—i%(VxH)= —0% (4.14)
VX (VxB)= —uo(VxE) = —uo > (4.15)
V2(E) = ua%—V[(VJ)-g] = iwuoE = kE (4.16)
V2(B) = po 2> — [(Vo) x (Vx B)/0 ] = iwuoB = kB (4.17)

with the wave number k being

= fi = /@ -’ﬂ_ AN
k =./ipow = —+i|= =(14+1) -~ (4.18)

The inverse of k is called the Schmuker-Weidelt transfer function, C (Schmucker 1987).
The real and imaginary parts of k are equal. The inverse of the real part is the so-called skin
depth, § (Tikhonov 1950; Cagniard 1953), and corresponds to the depth at which the
amplitude of the electromagnetic field attenuates to a factor of e™:

= |2 - |22
§ = /Mw_ \[; (4.19)

where p is the electrical resistivity. This expression allows one estimate the penetration
depth of electromagnetic (EM) fields for a certain period depending of the conductivity of
the half-space.

4.1.1 Magnetotelluric and magnetic transfer functions

The relationship between the horizontal electric and magnetic fields is represented by the

impedance tensor Z [mV/T]. This tensor is complex, 2*2, and dependent on frequency:

E=1B (4.20)



Each component of the tensor can be expressed as amplitude and a phase. Z is decomposed

in the following way:

Z=X+iY (4.21)

With X and Y representing the real and imaginary parts of the impedance tensor,

respectively.

The vertical magnetic field is related to the horizontal magnetic field through the vertical

magnetic transfer function T, also frequency dependent:

B,=[T Tyl[g"] (4.22)

With the real and imaginary parts of T, respectively, real and imaginary induction vectors
can be calculated. The real induction vector is used to infer lateral conductive contrasts.
According to the Wiese convention (Wiese 1962), induction vectors tend to point away
from conductors, with its amplitude being dependent on the observed conductivity gradient

(Jones & Price 1970). The amplitude and angle of induction vectors is computed as follows:

Real amplitude: JRe(TX)Z + Re(Ty)? (4.23)
Imaginary amplitude: \/Im(TX)Z + Im(Ty)? (4.24)
Real angle: arctan(%) (4.25)
Imaginary angle: arctan(%) (4.26)

From the impedance tensor the apparent resistivity p, can be derived:

pa = IZI° [om] (4.27)



as well as the phase ¢ values (Cagniard 1953):
= arctan(i) [°]. (4.28)

4.1.1.1 Tensor properties

In a 1D environment electrical conductivity can only vary with depth (¢ = (2)). Therefore,
the diagonal components Z,, and Z,,,, of the impedance tensor are 0 and the off-diagonal

components Z,,, and Z,,, are equal and symmetric.

In the case of a 2D geological structure, the coordinate system should be aligned with strike
of the structure. In this way, the impedance tensor information is solely contained in the
off-diagonal components (as in the 1D case). Moreover, in a 2D earth conductivities only
change in the vertical direction and in one horizontal direction. Assuming electrical
conductivity changes along the y-axis and the strike direction is along the x-axis
(o = a(y, 2)), the Maxwell equations can be decoupled into two different modes. For the
first mode, called transverse electric (TE) or E-polarisation, the associated current system
with the electric field component E, is parallel to the strike direction, and the associated
magnetic field components are B, and B,. For the second mode, called transverse magnetic
(TM) or B-polarisation, the associated current system is the electric field component E,,
flowing perpendicular to the strike direction, and the associated electric and magnetic fields
components are B, and E,. Taking the differential form of the Maxwell equations 4.12 and

4.13, two sets of equations describe the E- and B- polarizations:

Transverse Electric:

0B, OB

3y a—zy = uyoEy, (4.29a)
_Z_ny = —iwB,, (4.29b)
& = —iwB,. (4.29¢)



Transverse Magnetic:

‘;—Eyz 22 = —iwB,, (4.30a)
9B,
_a_y = ,HOO'EZ, (430b)
9B,

E = MOO'Ey.

(4.30c)

In this geometry, named principal coordinate system, impedances are calculated for the TE

mode and the TM mode from the relationships 4.29 and 4.30, depending, of course, on
whether the currents flow parallel or perpendicular to strike,

=]

Lrg = ny ==

o (4.31)
y
Ey
ZTM = ZyX B_X (432)
with
ny * Zyx (4.33)
Zyx = Zgy = 0. (4.34)

In a 3D environment, there is no preferred geological strike. This implies that impedance
and phase information from the subsurface is distributed through all tensor components.

Because of this, tensors become generic, asymmetrical and complicated to treat.

4.1.2 Galvanic distortion

Accumulated charge at small geological heterogeneities generate time-independent,
non-inductive effects known as galvanic distortions. Taking the divergence of 4.5,
V-J=V-(6E)=0V-E+ (Vo) E=0

(4.35)
and combining equations 4.3 and 4.6, results in



q= —¢(Vo) -E/o. (4.36)

The equation 4.36 implies charge accumulation at the interface between two media of
different conductivities in order to guarantee continuity of current flow. The galvanic
distortion effect comes from charge accumulation that creates a secondary electric field
that may amplify or diminish a primary electric field. This distortion is commonly
addressed as “static shift” (Jiracek 1990; Simpson & Bahr 2005). In case of distortion the

measured impedance tensor is:

Z = MZ, (4.37)

M represents the distortion and it is unknown. Therefore, the amplitude information of Z,
cannot be obtained from Z without further independent information (Smith 1995).

4.1.3 Dimensionality criterion

As mentioned previously, in an ideal 2D case for MT, the diagonal elements of the
impedance tensor are zero if the recorded fields are aligned with the principal coordinate
system. However, this is normally not the case because the recorded fields are aligned with

the magnetic north, without taking the geological strike in consideration.

A rotation R of the impedance tensor Z is therefore necessary and is described in the

following way:

Z,. = RZR! (4.38)
where

_ (cosa sina
R= (— sina cos a)’ (4.39)

with a positive « angle applying a clockwise rotation.

To determine the rotation angle «, | used the method described in
Becken & Burkhardt (2004) and Becken et al. (2008). This method is based on the fact that,



in a 2D environment, linearly polarized primary magnetic fields produce elliptically
polarized secondary electromagnetic fields. In case a primary field is oscillating parallel or
perpendicular to the geological strike, the secondary field will also be linearly polarized.
In this scenario, the impedance tensor columns — also known as telluric vectors (Bahr 1988)
- will be also be linearly polarized. Therefore, in simple terms, one can estimate the
principal coordinate system by determining the angle « at which the ellipticity of the

impedance tensor columns is minimized.

4.2 Magnetotelluric survey location

The MT survey done for this study was set up in the Lower Saxony basin (LSB), in the
NW part of Germany and consists of 83 MT stations (Figure 4.2). The length of the profile
is 63 km, oriented SW-NE and it was planned so that it is approximately perpendicular to
the geological strike direction according to the Tectonic Atlas of NW-Germany
(Baldschun et al. 2001). The first 40 stations of the MT profile have a spacing of 500 m
while the remaining stations have a spacing of 1000 m. The station spacing was made
smaller in the southern end of profile because the Posidonia black shale (PBS) is shallower
at that end of profile and outcrops close to stations 4 and 5.

In addition to the MT experiment, seismic and controlled-source (CS) experiments were
done under the framework of the GASH (Gas Shale in Europe) and MULTI-EM
(Three-dimensional Multi-Scale and Multi-Method Inversion to Determine the Electrical
Conductivity Distribution of the Subsurface Using Parallel Computing Architectures)
projects, respectively. In the seismic experiment it was possible to resolve the PBS in the
first 10 km of the profile. However, this information could not be used in this thesis because
stations 1 to 27 were excluded due to high cultural noise. In regard to the controlled-source

experiment, no results have been obtained yet.

The MT data field recordings were made from the 15" of November until the 13" of
December in the year of 2011. When all MT equipment is properly set up on the field an
area of 60 m per 60 m is used. On that note, all stations were deployed on agricultural farms

with such areas.
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Figure 4.2 - Location of the MT stations. 83 MT stations were deployed along a 63 km long profile
crossing the Lower Saxony Basin. The profile has an angle of approximately 28° in relation to the
geographical north and is approximately perpendicular to the ESE-WNW geological strike.

The field procedure to measure the natural fluctuations of the magnetic and electrical fields
is depicted in Figure 4.3. The electric field potential fluctuations were measured using
non-polarizable Ag-AgCl electrodes surrounded by a solution of KCI used to avoid
electrochemical noise associated with simple metal electrodes (Petiau & Dupis 1980).
The electrodes formed two 60 m long orthogonal dipoles, oriented N-S and W-E, in order
to ensure measurable differences. The magnetic field fluctuations were measured with



Metronix magnetic coils (models MFS05, MFS06 and MFSO7. See coil information in:
http://www.metronix.de/metronix/index.php?id=121). The magnetic fields induce currents
in the coils and these are proportional to the strength of the fields after calibration by coil
specific transfer functions (Ritter et al. 1996a). Three coils were used, oriented N-S, E-W
and vertically. Instrument orientation was so that the x-axis corresponded to N-S and the
y-axis corresponded to E-W. All of the measuring instruments were connected with a
sensor box at the centre of the MT station. The sensor box was then connected with a
data-logger which recorded the measured fields. The data-logger S.P.A.M. IV was used.
This instrument allowed the recording of MT data in the period band between
10 and 1000 s. To achieve this, the electric and magnetic field were sampled with
sampling rates of 25000, 6250, 500 and 50 Hz were used. Each MT station remained
3 to 5 days in the field. The data was stored internally in the data-logger and backed up
when the MT stations were serviced. All of the recordings were properly time-stamped

using a GPS system so that remote reference processing could be made.
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Figure 4.3 - Schematic view illustrating the main components of a MT station. Atmospheric
electromagnetic fields (blue) diffuse into the soil and induce electric currents in the subsurface.
The secondary field of these current systems contain information about the conductivity
distribution and are recorded along with the primary field at the Earth's surface with a MT station.
With the depicted MT station the horizontal electric field in the North-South (E,) and East-West
(Ey) directions is measured by two long 50-60m dipoles. The magnetic fields are measured in all
three directions (By, By and B,) with induction coils.


http://www.metronix.de/metronix/index.php?id=121

4.3 Magnetotelluric data processing

The time-series of the GASH data-set were processed with the processing program package
EMERALD (Ritter et al. 1998; Weckmann et al. 2005; Krings 2007). All period-dependent
transfer functions (impedance Z and the vertical magnetic transfer function T) were
calculated using the entire recorded time-series of the electromagnetic field components.
In single station processing, the recorded time series are band-pass filtered into narrow
bands and divided into short segments, typically of 128 samples, also referred to as events
(Weckmann et al. 2005). These events are cosine tapered and Fourier transformed.
The respective Fourier coefficients are calibrated for instrument response functions of the
induction coils and divided into sub-bands centred around equally-spaced frequencies on a
logarithmic scale. The auto- and cross-spectra are then calculated for each so-called target
frequency. Finally, averaged impedance and vertical magnetic transfer functions are
obtained by stacking the calculated spectra using the iterative robust algorithm described
in Ritter et al. (1998).

4.3.1 EM cultural noise

The impedance (4.20) and vertical magnetic transfer functions (4.22) only represent the
responses one would get from a given subsurface in the absence of EM noise. In the ideal
case, impedance and vertical transfer function estimates should render smooth apparent
resistivity and phase curves and induction vectors along the period range. However, it is
very difficult to obtain undisturbed transfer functions in developed countries such as
Germany (Szarka 1988). Common EM noise comes, for example, from power-lines, trains,
electric fences, corrosion protected pipelines and windmills. Furthermore, nearby metal
pipelines, cables or fences serving as passive sources can also induce secondary fields.
EM noise is more devastating in the dead-band because of the low energy natural signal
(e.g. lliceto & Santarato 1999; Simpson & Bahr 2005).

The recorded data-set is heavily affected by EM cultural noise. The calculated transfer
functions using only single station processing always resulted in scattered apparent
resistivity and phase curves and also large induction vectors pointing in erratic directions.
Figure 4.4 shows the result of single station processing for station 83. In this figure one can

see that impedance and vertical magnetic transfer function estimates show a significant



scatter on the whole period range, especially in the smaller diagonal components p, _ and

Pa -
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Figure 4.4 - Apparent resistivity, phases and induction arrows from station 83 using single station
processing. The data is affected by EM noise particularly at the period band between 10* to 102 s
and 1 to 10 s in the off-diagonal apparent resistivities Pay, and Payy and over almost the entire

period range for all other components.

In the following sub-sections | explain the data processing techniques that were applied to
the data-set in order to remove or minimize the influence of EM noise from transfer

function estimates and discuss corresponding results.

4.3.1.1 Controlled source EM noise

As mentioned before, a CS experiment was conducted simultaneously with the MT
experiment. The transmitted signal is present in the time series of several MT stations. For
MT purposes this near field signal can be considered as EM noise. To remove its effect, |
simply removed time segment of the recorded fields when CS signal was transmitted and
thus excluded these parts from further processing. Table 4.3 lists all time segments that

were excluded from time-series processing.



Table 4.3 - Date and time segments of CS emissions.

Date Start time | Stop Time

19/11/2011 08:28:22 14:31:34

20/11/2011 10:22:20 14:32:56

21/11/2011 07:44:42 14:25:59

22/11/2011 12:26:14 14:29:48

23/11/2011 07:49:55 14:29:06

24/11/2011 10:34:12 12:06:56

25/11/2011 07:45:26 14:32:53

26/11/2011 10:25:10 14:31:56

27/11/2011 07:10:01 14:29:38

The effect of CS signal in the MT transfer functions can be observed, for example, in station
36 (Figure 4.5). It shows a 45° rise of the apparent resistivity curve, phase values close to
0° and very large induction vectors in the period range of 10 to 10 s (Figure 4.5a). The
exclusion of CS affected time-series segments successfully removed the described
distortions (Figure 4.5b). However, the apparent resistivity and phase curves as well as the
vertical magnetic transfer functions still are heavily affected by other noise sources.
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Figure 4.5 - Apparent resistivity, phases and induction arrows at station 36 using single station
processing a) with and b) without CS signal. At a period band range of 10 to 10 s it a 45° rise of
the apparent resistivity and very large induction arrows are caused by the controlled source signal.
After removing the CS affected time-series segments, apparent resistivity and phase curves as well
as induction vectors do not show these disturbances any longer.

4.3.1.2 Remote reference processing

Single-station processing is not always able to remove EM correlated noise.
The auto-spectra calculation of the magnetic field has a squared noise term which leads to
a downward bias of the apparent resistivity and phases as well as vertical magnetic transfer
functions. Furthermore, cross-spectra calculation between the electric and magnetic fields
adds another noise term which further hinders the quality of the transfer function estimates
(Krings 2007). A common way to replace the affected auto-spectra and to minimize bias
effects is to apply remote reference (RR) processing (Goubau et al. 1978;
Gamble et al. 1979). RR processing requires a synchronized MT station that is located far
away enough so that there is no correlated noise. Under these conditions the MT signal at

both the local and reference stations should be correlated but not the cultural noise.

The chosen RR MT station was the GFZ permanent MT station in Wittstock, Germany
(Eydam & Munoz 2012). This station recorded all components of the magnetic field and
with a sampling frequency of 500 Hz. With this sampling frequency, remote reference
processing could be used to improve transfer function estimates for periods below
7.81*103s.



Figure 4.6 shows the improvement obtained for station 36 using RR processing.
The transfer function estimates using single station processing are more disturbed by EM
noise in all components. The implementation of remote reference processing successfully
improved the quality of the off-diagonal components of apparent resistivity and phase
curves and induction vectors for periods below 7.81*103 s,
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Figure 4.6 - Apparent resistivity, phases and induction arrows from station 36 using single station
(a) and RR processing (b). RR processing successfully improved the quality of the off-diagonal
components of apparent resistivity and phase curves and induction vectors for periods longer than
7.81*103s.

4.3.1.3 Delay-line filter

Despite the existence of automated methods, such as RR, it is often necessary to visually
inspect time series or power spectra to identify additional noise sources. Thereby, | noticed
that the power-spectra of electric and magnetic fields showed several spectral peaks related
to EM noise with fundamental periods of 6.02*102, 3.8*10%, 1.43 and 15 s and respective
harmonics. This is illustrated for station 83 in Figure 4.7. The noise sources are mainly
from power-lines, wind-turbines and pipeline anti-corrosion currents. To diminish the
influence of high-powered correlated noise on the quality of the transfer function estimates
| used a delay-line filter, according to Chen (2008). In simple terms, this filter adds a

delayed version of a signal to itself, causing destructive interference of EM monochromatic



noise. Figure 4.8 shows the improvement obtained with this filter for station 83.
The implementation of the delay-line filter is noticeable as the previously scattered
distribution of the off-diagonal apparent resistivity and phase values were replaced by a
much smoother distribution along the period range, particularly for phase values below the
101 s period. However, scatter is still observable in the diagonal components and in the
yx-component in a period band between 1 and 10 s. An improvement of the induction
vectors was not seen for this particular station, though.
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Figure 4.7 — Power-spectra periodograms of the recorded field components for station 83 for the
period band 6.25*102 s to DC. Spectral peaks related to noise are observable at fundamental
frequencies of 1.43, 3.8*10! and 6.02*10? s and respective harmonics.
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Figure 4.8 - Apparent resistivity, phases and induction arrows from station 83 using single station
processing, a) without and b) with including a delay-line filter. The inclusion of the delay-line filter
results in a much smoother distribution of off-diagonal apparent resistivity and phase data points
along the period range, especially for phases at periods shorter than 10 s period. Significant
improvement of the induction vectors is not observable.

4.3.1.4 Frequency domain pre-selection scheme

Remote reference processing and the delay-line showed to be helpful steps in improving
the quality of the apparent resistivity and phase curves and the induction vectors. However,
for many stations these steps were insufficient. An important tool that revealed to be crucial
in improving the data quality of many stations was the SEL4ROB frequency domain
pre-selection tool, included in EMERALD and described in Weckmann et al. (2005).
This program was mainly developed for when a suitable RR station is not available and to
learn about the physical properties of signal and noise. Moreover, one can remove time
segments which consist of noise and only keep those that are undisturbed. Therefore, it
allows the analysis of a variety of physical and statistical parameters related to the events

used in the estimate of the transfer functions that can be described in the following way:

X = Zl * Y]_ + Zz * Y2 (440)



where the output channel X is E, , E,, or B, and the input channels Y; and Y, are B, and
By, respectively, and Z; and Z, are the response functions. The parameters are the spectral
power density of the electrical [(mV km™)? Hz?'] and magnetic [(nT? Hz?! )] fields
(e.g. Jenkins & Watts 1968), the bivariate (e.g. Jones 1979) and partial coherencies
(e.g. Jenkins & Watts 1968), the polarization angle of the electric and magnetic fields

(Fowler et al. 1967), the response functions (km s?) and their statistical errors (km s?).

In order to use this tool to remove noise from MT signal at a given period one has to set
specific thresholds to the chosen parameters. Figure 4.9 shows the graphical output of the
pre-selection scheme for station 83 at the period of 2 s for output channel E, and input
channels B, and B,,, before and after selection of events. The spectral power densities of
the events in the B, and B, (Figure 4.9b, c) components show a spread typical a varying
natural signal activity. On the other hand, the power distribution of E,, (Figure 4.9a) shows
a periodical ascent and descent over time. At the same event counter, a similar oscillation
is seen for the response function errors (Figure 4.9e) and the polarization of the electric
field (Figure 4.9h) shifts between 0 and 45°. Further parameters do not show
distinguishable patterns that could be correlated with the spectral power density oscillation
atE,,.

Apparent resistivity and phase curves and induction vectors of station 83 are shown in
Figure 4.10. The yx-component of apparent resistivity and phase curves reveals a
disturbance in the period band between 1 and 10s, also noticeable in the induction vectors
(Figure 4.10a). Through trial and error process | understood that those events with spectral
power density lower than 10™ (mV km™)? Hz* in the E,, channel were causing these
disturbances. With exclusion of the affected time segments | could improve the apparent
resistivity and phase curves in the yx-component and the induction vectors in the period of
2 s and the remaining data points in the disturbed period band (Figure 4.10b).
Ultimately, | used SEL4ROB to improve the overall quality of the apparent resistivity and

phase curves in off-diagonal components and also of the induction vectors for station 83.
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Figure 4.9 - Graphical interface of SEL4ROB for the period of 2 s and channels Ey, By, and B, of
station 83. The x-axis of graphs a), b), c), e), f) h) and i) shows the event counter and thus a time
axis. The response function plots d) and g) are displayed in the complex plane. Before selection,
the spectral power density of Ey shows a periodical oscillation that is not visible in By, and B,,. At
the same event counter, the response function errors show also minimums and maximums and
electric field polarization shifts between 0 and 45°. After selection, the events in a) with a spectral
power density lower than 10 (mV km™)? Hz'! were removed. See text for more details.
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Figure 4.10 - Apparent resistivity, phases and induction arrows from station 83 obtained through
single station processing with a delay-line filter a) before and b) after the application of the data
pre-selection tool SELAROB. The use of SELAROB lead to an improvement of off-diagonal apparent

resistivity and phase curves as well as induction vectors.

43.1.5 Overview

The application of RR processing, delay-line filter and SEL4ROB was helpful in removal

of cultural EM noise present in the GASH MT data-set and in the consequent improvement

of transfer function estimates of most stations. However, stations 1 to 27 and station 82

could not be included in further analysis because they contain too many disturbances.

4.4 Geo-electric strike estimate

To evaluate if the MT data can be interpreted with two-dimensional (2D) inversion

modelling tools, | used the dimensionality and directionality analysis described in 4.1.3.

Geo-electric strike estimates are shown in the directional rose diagrams in Figure 4.11.

Geo-electric estimates were not considered for periods lower than 1 s because of the

dominating influence of local structure.



Geoelectric Strike Estimates

10 - 100s

Figure 4.11 - Geo-electric strike estimates indicate regional strike direction of approximately E-W
direction. The principal 90° ambiguity can be solved with the induction vectors.

Some scattering is observable and is expected because a clear strike direction cannot be
derived for a subsurface with a predominantly one-dimensional (1D) character which
would be consistent for a layered sedimentary basin such as the LSB. Furthermore, poor
data quality causes larger scatter in the 1 to 10 s period band. However, geo-electric
estimates in the 10 to 100 s and 100 to 1000 s period bands indicate predominantly a geo-
electric strike direction in the range 0 to 10°, with an inherent ambiguity of 90°. To solve
this ambiguity, | resorted to real induction vectors. Real inductions vectors in the same

period bands are shown in the directional rose diagrams in Figure 4.12.
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Figure 4.12 - Real induction vectors are predominantly pointing southwards at periods longer than
10s.

As in the case of the geo-electric strike estimates, the period band of 1-10 s also exhibits
scattered induction vectors from which no conclusion can be drawn. However, the rose
diagrams in the period bands of 10 to 100 s and 100 to 1000 s show clear southward-

pointing induction vectors. From this, the geo-electric strike seems predominantly of E-W



for this particular data-set. As the coordinate system in which we installed the stations is
matching the geo-electric strike, we applied a rotation of -90° to the data.
Subsequently, the xy-component of the MT impedance tensor represents the B-polarization
(TM mode) with electric currents flowing perpendicular to strike direction and the
yx-component represents the E-polarization (TE mode) with electric currents flowing
parallel to strike.

To represent a MT data-set in a compact and clear way, pseudo-sections are often used.
Normally, pseudo-sections are used to obtain a first idea into the conductivity distribution
along a profile. Figure 4.13 shows pseudo-sections for the apparent resistivity and phase
values of the TM and TE modes for those MT stations considered in the analysis.
Grey-coloured gaps represent outlier data that was not included in the analysis. Stations 56
to 68 were particularly affected by EM noise and mainly data past 10 s period was

considered for these stations.
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Figure 4.13 - Data pseudo-sections for observed TE and TM apparent resistivity and phase values.
Grey colours indicate masked data. Regions marked with labels A and B identify significant
differences between TE and TM modes.



Overall, TE and TM modes are quite similar, particularly at higher frequencies, which is
consistent with a 1D nature of the uppermost crust. Areas A and B identify those stations
in the data-set with 2D effects. TM and TE apparent resistivity values are clearly different
for the concerning stations, especially past the 10 s period. There is, however, a distinct
change between the south-eastern and north-western profile segments, with stations 28 to
55 denote a less apparent resistivity and phase change in comparison with the stations 56
to 83.

4.5 2D magnetotelluric inversion

45.1 Inversion theory

To find an electrical resistivity model that can explain measured EM fields, | inverted the
MT data. Contrary to the well-posed forward method where one tries to describe EM fields
that are generated by one particular electrical resistivity model, the inversion method is
ill-posed (e.g. Zhdanov 2009). This means that from a set of recorded EM fields a wide
range of models can be determined with inversion. The mathematical formulation of the

inverse problem is well described by, e.g. Tikhonov & Arsenin (1977)

d =f(m) + 8, (4.41)

where d is the data vector, m is the model vector, f is the forward operator and & > 0
represents an error vector. To solve the inverse problem in a two-dimensional scheme
| used the non-linear conjugate gradients algorithm (NLCG) by Rodi & Mackie (2001).
The NLCG code is implemented in the WinGlink software interface
(software version 2.20.10; http://www.geosystem.net). This algorithm seeks to minimize,

iteratively, a penalty function

W, (m) = (d—f(m)) V-1(d - f(m)) (4.42)


http://www.geosystem.net/

where V represents the positive diagonal matrix of the data error. The data vector is taken
to be the amplitude and phase of apparent resistivity in the TE and TM modes and/or the
real and imaginary parts of the vertical magnetic transfer function; the model vector is the
log electrical conductivity of the discretized subsurface. At each iteration n, the inversion
scheme searches for the steepest gradient of the penalty function. The gradient of the
penalty function at the iteration n is given by

0¥y
om |,

= —2J7(d - f(m)) 'V~ (4.43)

Where J is the Jacobian matrix which describes the sensitivity of the predicted data for
small changes in the model. Thereafter, the gradient is used to set up a search direction in
the model space for the next inversion step which is given by the direction where the

gradient is steepest.

Because the inverse problem is underdetermined a large number of unknown model
parameters required by the forward operator is opposed by a much smaller number of data
points (e.g. Newman & Alumbaugh 1997). Because of this a regularization term is added
to the penalty function to stabilize the inversion process and reduce the number of models

that can explain the data,

¥Y,.(m) = ¥Y;(m) + tm"LLm (4.44)

where 7 is the regularization parameter and L is a laplacian gradient operator (V2)? which
acts on m and is used to minimize gradients in the model. The gradient of the penalty

function with this term at the iteration n is then given by

oV, | vy

+ 27LTLm (4.45)
n

my, om my,

The regularization parameter t increases the smoothness of the model solution at the cost

of a higher data misfit.



The regularization operator L is chosen such that it is approximately equal to the integration
of a weighting function | over the model area A (Mackie 2002):

m'L'Lm = [(y,z)Lm dA. (4.46)

The weighting function is set to 1.0 by default and is applied to all the horizontal derivatives
in a given row since those are independent of depth. It can be used to reduce vertical
stretching and/or to reduce roughness that might be in the inversion model. Assuming a

uniform grid laplacian operator is chosen, we have (Mackie 2002):

1(2) = (z1/2)" for z, > z, (4.47)

l(z) =1forz, <z, (4.48)

where z, is the thickness of the k-th row and z, the minimum block thickness that is set
manually in the software order to delay the start of the weighting function. g is a factor that
enhances the effect of the weighting function and it also set manually. With the weighting
function the penalty increases on horizontal roughness with depth consistently with the
implicit increase in vertical roughness. Finally, one can also increase the penalty on
horizontal roughness by multiplying the horizontal derivatives by a factor o that it is as

well set manually in WinGlink (Mackie 2002).

The misfit between data and forward response is calculated as a normalized root mean

square error:

RMS = @ (4.49)

where N is the number of data points. This misfit measure depends on the data error and it
is a measure to evaluate the model result for a particular dataset. However, using data errors
might lead the inversion to fit the MT data in a non-uniform way. To avoid this one can

assign an error floor to all the data and obtain a more uniform fit.



4.5.2 Definition of inversion parameters

The geo-electric strike analysis showed that the GASH MT data-set is compatible with the
assumption of a 2D electrical resistivity distribution whose geo-electric strike direction is
approximately perpendicular to the measurement profile in an E-W direction. In the
following subsections, | explain the different steps that were taken by me to obtain an

optimal 2D model of electrical resistivity with the data that was collected.

Using the WinGlink software, | made a series of steps in order to successfully start the 2D
inversion modelling process. First, the geographical location of the MT stations was
projected onto a straight profile line approximately perpendicular to strike direction.
Having defined this profile line, | generated a 2D model space. The model space beneath
the profile should be a discretized grid as fine as possible in order to describe the data also
as best as possible. However, due to computing limitations it is was not possible.
After a trial of inversion modelling with different grids, | defined a model space with
120 rows and 140 columns. The row thickness starts with 5 m and increases by a factor of
1.09. The column width at the profile section was designed so that there was at least one
columns between two stations. Outside of the profile section the column width increases

by a factor of 1.5. No topography was included.

Having defined the profile section and model space, it is necessary to determine the trade-
off parameter, z. A satisfactory z should result in a good balance between data misfit and
model roughness. In order to find this balance, | carried out a series of inversions with
different z values. For these inversions | used the TE and TM modes of apparent resistivity
and phases, but also the real and imaginary part of the T,, component of the vertical
magnetic transfer function. A homogeneous half-space model of 100 Qm was used. Error
floors were set to 10% for apparent resistivity, 1.44° for the phases and 0.03 (absolute) for

the vertical magnetic transfer function.

Figure 4.14 shows the model results for the different trade-off parameter 1. It is observable
that the models with smaller trade-off parameter t exhibit more structure but have low
RMS. Then, the higher the trade-off parameter T becomes, higher is the smoothness and
RMS of the models. Moreover, it is noticeable that the majority of the resolved structures

remain present independently of the choice of trade-off parameter t.
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Figure 4.14 - 2D Inversion results using different values for the smoothing parameter T.
The increase of T increases the model smoothness but also the data misfit (RMS).

In order to find an optimum choice for the trade-off parameter t, I plotted model roughness
versus the RMS data misfit for the different inversion results. The result is the so-called
“L-curve” (Figure 4.15). The optimum trade-off parameter t corresponds to the kink of
maximum curvature which marks a satisfactory trade-off for both data misfit and model
roughness at the same time. In this case a value of 30 for trade-off parameter was the
optimum choice. Having chosen the trade-off parameter t value, I re-ran the inversion
process again until it converged. The inversion process stopped at iteration 240 and total
RMS was of 1.96.
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Figure 4.15 - The L-curve is a visual tool to evaluate the optimum value for the trade-off parameter
(t). The optimum value for the regularization parameter is found as a best compromise between
model roughness and data misfit. In this case, a value of 30 appears to be a good compromise.

After this, | tested the dependence of the model results with regard to different half-space
electrical resistivities. Figure 4.16 shows model results for three different starting electrical
resistivities of 10, 100 and 500 Qm. All inversion results converge to the same solution
with the same RMS misfit of 1.96. Therefore, it is reasonable to say the model result is
independent of starting electrical resistivity. However, the best value seems to be 100 Qm

as fewer iterations were needed for the inversion to converge to the final solution.
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Figure 4.16 - 2D inversion models obtained using starting electrical resistivities of a) 10 Qm, b) 100
Om and c) 500 Om. The same inversion parameters were used in all inversions. The model result
is similar for all starting resistivities. However, the best value seems to be of 100 Qm as lesser
iterations were needed for the inversion to reach the final solution.



Figure 4.17 shows the preferred model result using the chosen parameters and the
calculated total RMS values for each station along the profile. In a first appreciation, the
model shows a number of conductive bodies at the top 2 km and below, followed by a more
resistive layer which is extending horizontally throughout most of the profile section.
Then, vertically extending conductive bodies are found at depths below 3 km. The data fit
of this model is generally good. The RMS values at most stations of the profile are found
mostly between 1 and 2 and only sites 69 and 78 exceed the value of 3 (Figure 4.17b).

For an individual visualization of the data fit of the MT stations see Figure 7.1, 7.2, 7.3 and

7.4, which are found in chapter 7 of this thesis.

After obtaining the preferred model, | decided to test the robustness of the model by
introducing constraints in the model space and changing the smoothing parameters.

This work is explained in the following sub-section.
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Figure 4.17 - a) 2D inversion result using a smoothness parameter of 30. Two conductive “layers”
are observable in the model, separated a more resistive layer, denoting a layered look that is
expectable for a mainly one-dimensional sedimentary basin such as the LSB. b) RMS values
obtained for each station along the profile.



45.3 Robustness tests

| tested the robustness of the model by first testing the resolution of the data. To do this |
locked the model space at a certain depth before the inversion was ran. Figure 4.18 shows
the comparison between the unconstrained and constrained model. With a trial and error
approach, I could establish a depth of 30 km as the limit as to which model variations hardly
influence data fit. The result also shows that the depth range extent of the individual
conductive bodies is now found between depths of 3 and 20 km (Figure 4.18b).
This shows that the vertical extent of these bodies is ambiguous and poorly resolved in the

unconstrained model.
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Figure 4.18 - a) Unconstrained 2D inversion model result in comparison with b) 2D inversion model
where the bottom resistivity is locked for depths below 30 km and set to 100 Qm.
¢) Very insignificant differences between RMS misfit values suggest a data resolution limit of
approximately 30 km.

Next | decided to increase the horizontal smoothing in relation to the vertical smoothing.
This procedure sets a more layered look to the structures in the model, which is more in
line with the geologic setting of the LSB. In order to achieve this, | used the settings used
for the model in Figure 4.18b and altered the o and  factors. I tested a range of different

combinations of these values and found that the best compromise obtained using factors of



o =2 and B = 3 and setting minimum cell thickness of 500 m as to which the a and  factors

influence smoothing.

Figure 4.19 shows a comparison between the model in Figure 4.18b and a model obtained
with the same settings plus the mentioned changes of horizontal versus vertical smoothing.
As expected, the new model appears smoother in horizontal direction at the cost of
generally higher misfits (Figure 4.19c). Nevertheless, the model is similar in its essence.
The top 3 km of the inversion model are practically unchanged, while the deeper conductors

appear now horizontally connected.
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Figure 4.19 - Comparison between a) 2D inversion model result of Figure 4.18b and b) a model with
stronger horizontal versus vertical smoothing. c) RMS misfit values increase for most stations as a
consequence of the changed horizontal versus vertical smoothing.

Finally, | decided to verify the lateral continuity of the more electrically resistive layer
found in-between the electrically conductive features in the model. To do this | locked a
horizontal region at 5 km depth towards the northern end of the profile to test if an
intermediate resistivity of approximately 20 Qm could be maintained by the inversion
(Figure 4.20). The introduction of the horizontally locked top region
(hatched in Figure 4.20b) did not result in higher RMS values, which means that the
additional constraint in the model does not contradict the data.
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Figure 4.20 - Comparison between the 2D inversion model result of Figure 4.19b a) without and
b) with an added constraint located at 5 km depth towards the northern end of the sections marks
aregion of locked resistivity, to investigate if the inversion could maintain a layer with intermediate
resistivity. c) RMS misfit values are practically the same for both model results in spite of the added
constraint.

4.5.4 Discussion

For interpretation and discussion, | decided to use the model in Figure 4.20b.
Figure 4.21 shows this model in combination with the approximate locations of major faults
crossing the MT profile, according to Baldschun et al. (2001). I also included stratigraphic
boundaries (top limits) from the 3D basin model carried out by Bruns et al. (2013). These
boundaries were modelled using a range of sources: the surface morphology was based on
the GEBCO digital atlas (I0C, IHO, BODC 2003); the thicknesses of Pleistocene to
Zechstein sediments were obtained from the Geo-tectonic Atlas of NW-Germany
(Baldschun et al. 2001), the Zechstein carbonate to Rotliegend, thicknesses were provided
by GFZ Potsdam (Maystrenko et al. 2010), and the Carboniferous was derived from the
dataset found in Gerling et al. (1999a). The major structures revealed by the preferred

2D model inversion are labelled as conductors C1, C2, C3, C4 and resistors R1, R2.
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Figure 4.21 - a) The preferred resistivity model including the top boundaries of the different
stratigraphies according to Bruns et al. (2013). Main faults intercepting the MT profile are depicted

after Baldschun et al. (2001). b) The preferred resistivity model including vitrinite reflectance

isolines by Bruns et al. (2013).

Main conductive structures are labelled C1, C2, C3, C4 and main resistive structures are labelled

R1, R2.



Conductive features

The occurrence of the top conductors C1, C2 and C3 is probably due to the presence of
saline aquifers. Similar conductive features have been modelled with MT in the LSB
(Hoffmann et al. 2005, 2008) and throughout most of the NGB (Munoz et al. 2010;
Schéfer et al. 2011). Conductors C1 and C2 appear separated, possibly due to a series of
normal faults related to the Wiedensahler and the Rehburger fault systems. These fault
systems form an intricate horst-graben structure where more impermeable Lower
Cretaceous/Upper Jurassic sediments outcrop and form the Rehburg anticline structure
(Baldschun et al. 2001). In terms of lithology, the two conductors C1 and C2 could
correspond to brine filled, Upper Jurassic clay-rich sandstones. Conductor C2 preserves its
upper boundary until the Voigtei fault and becomes thicker north of the station 62 and
probably includes deeper sediments. Between stations 62 and 77, the conductor C2
coincides spatially with a region of abundant east-west and southeast-northwest striking
faults (Baldschun et al. 2001). Such a brittle deformation zone could be providing the
necessary pathways for deeper circulation of saline fluids in porous sediments down until
the Upper Triassic Keuper clay-rich sandstones. Overlying conductor C2, the conductor C3
is likely also associated with brines, but now comprising younger Cenozoic clay-rich
sandstone sediments, which are more abundant in the northern part of the Lower Saxony
Basin (Betz et al. 1987).

Conductor C4 can be explained with the presence of meta-anthracitic and/or graphitized
Carboniferous, Westphalian and Namurian coals. These coals have been detected before
with MT and described as quasi-metallic conductors (Hoffman et al. 2005, 2008).
The thermal maturity anomaly in the LSB has been modelled by Bruns et al. (2013) as well
and | have matched their results with my preferred 2D inversion model (Figure 4.21b).
According to the corresponding vitrinite reflectance isolines, vitrinite reflectances higher
than 4% Ro are predicted for these sediments, which means they are past the meta-
anthracite stage of coalification. Conductor C4 reaches its topmost position just under
station 48 at depths of approximately 3 km. The stratigraphic boundary predicts a depth of
at least 4 km for the Westphalian coals at this station. However, well-log information 6 km
off-profile, in relation to site 48, confirms the top boundary of the Westphalian coal
sediments at 3 km depth just as it is in the resistivity model (Petmecky et al. 1999). Then,
the top boundary of the conductor C4 becomes deeper north of station 48. Due to the

decrease of thermal maturity towards the north, the electrical resistivity of the Westphalian



coals north of site 48 is probably no longer representative of the conductor C4. The top
boundary of the conductor C4 could, however, correspond to the older, deeper Namurian
coals which should still be thermally mature enough (reflectance below 4% Ro) to be
electrically conductive (Bruns et al. 2013).

Resistive features

The intermediate electrically resistive feature R1 should correspond to different lithology
along the model section. This feature should comprise sediments from the Lower Jurassic
shales down to the Permian limestones and marlstones up until station 53. Between this
station and station 69 | believe there is a transition phase of the sediments representing the
resistor R1. North of the station 69, the sediments representing this resistive feature are
most likely to be comprised between the Permian limestones and marlstones and the
Carboniferous Westphalian coals.

Interrupting the conductor C2, the resistor R2 appears to be associated with the Blenhorst
Permian Zechstein salt dome, which is consistent with the Zechstein stratigraphic boundary
by Bruns et al. (2013). Salt domes in the NGB are usually very resistive
(Buehnemann et al. 2002). However, in the model the electrical resistivity of the salt dome
is around 10 Q-m. Concerning this aspect, the Zechstein sediments are known to be
partially composed of anhydrite and carbonates, which together with salt, makes them a
rather brittle composite (Munoz et al. 2010). It is possible, therefore, that the extensive
faulting in the concerning area has led to the influx of meteoric water into the Zechstein
sediments, causing the formation of brine around the salt dome, which, consequently, made

its bulk electrical resistivity lower.

The Posidonia black shale

This formation, in terms of mineralogy, the carbonate minerals are most abundant in the
PBS (~40%), followed by clay minerals (~15%), quartz (~10%), pyrite (~5%) and others
(Littke et al. 1988). Of these minerals the only well conducting ones are the pyrite minerals.

However, in the PBS these are commonly found in isolated clusters (Bernard et al. 2013),



which are not interconnected. Therefore, pyrite minerals in this rock cannot provide
electrical induction at the regional scale.

With regard to the organic carbon found at the grain boundaries of the PBS, its composition
and electrical resistivity matter depends on thermal maturity (see chapter 2.3). In this sense,
the thermal maturity anomaly found at the LSB provides an interesting study case as to
understand the influence of this property on electrical resistivity of the PBS. The PBS is
known to be found within the LSB in the depth range of 1 and 3 km (Baldschun et al. 2001).
Furthermore, the corresponding vitrinites reflectances range between 0.5 and 4% Ro
(between immature and meta-anthracite stages) (Bruns et al. 2013). In the preferred
resistivity model, and according to the modelled stratigraphy, the PBS is comprised within
the resistor R1, between stations 28 and 62. Then, towards the northern end of the profile
it is comprised between conductors C2 and C3. It is observed then that where the PBS is
expected to be more thermally mature it is matching a resistive feature in the model and
where it is less thermally mature it is matching conductive features. These observations
indicate that it is unlikely that any of the conductive features within the same depth range
of the PBS are due to its presence. Meaning the thermal maturity range (below 4% Ro) of
the PSB and, consequently, the electrical conductivity of the PBS within the profile section
are just too low in order to resolve it using MT.

To reinforce the previous conclusion, | present in the next chapter laboratory measurements
of electrical resistivity made on PBS samples with thermal maturities partially comparable

to those observed within our MT profile section.






5 Laboratory study of the Posidonia black shale

The Posidonia black shale (PBS) sample material was collected from the Wickensen,
Harderode and Haddessen wells, located in the so called Hils Syncline structure, just
southeast of the Lower Saxony Basin (LSB). Figure 5.1 shows the location of the wells in

the Hils Syncline structure within Germany.
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Figure 5.1 - a) Location of the Hils Syncline in Germany. b) Geological map of the Hils Synclince
including the locations of the Wickensen, Harderode and Haddessen wells where the Posidonia
black shale samples were collected (modified after Klaver et al. 2012) and isovitrinite reflectance
contours after Bartenstein et al. (1971) and Koch & Arnemann (1975).

These wells were made to investigate the effects of progressing thermal maturity of the
PBS (Mann 1987). The thermal maturity of the PBS in the Wickensen well is in immature
stage (0.53% Ro), while it is in the oil producing stage (0.88% Ro) in the Harderode well,
and in the gas producing stage (1.45% Ro) in the Haddessen well (Littke & Rullkotter 1987
Littke et al. 1988; Horsfield et al. 2010; Bernard et al. 2012b). Total organic carbon (TOC)



is higher for the immature (~10%) samples than for the oil (~8%) and gas producing
samples (~5%) (Bernard et al. 2012b). Other detailed geochemical analyses of the
Posidonia shale can be found in Leythaeuser et al. (1988); Littke et al. (1988, 1991a);
Rullkétter & Marzi (1988); Mann & Miller (1988); Rullkotter et al. (1988);
Vandenbroucke et al. (1993). There is vertical heterogeneity of the shale mineral
constituents but, in general, carbonate minerals occupy the largest volume (~40%) followed
by clay minerals (~15%), quartz (~10%), pyrite (~5%) and others (Littke et al. 1988).
Furthermore, the PBS sediments from the three investigated wells show lateral facies
continuity (Mann 1987). Geochemical and mineralogical differences between them is
largely a result of varying thermal maturation (Bernard et al. 2012b). This allows the study

of electrical resistivity of PBS as a function of thermal maturity.

Table 5.1 lists the sample material available for the study. TOC values were provided by
the GASH (Gas Shale in Europe) database, which is not publicly available, and measured

at the GeoForschungZentrum Potsdam by Dr. Nicolaj Mahlstedt.

Table 5.1 — Information on the Posidonia black shale samples.

Samples Wells Depth (m) Organic content (%) Vitrinite reflectance (% Ro)
W1 Wickensen 39 9.74 0.53
W2 Wickensen 49 9.79 0.53
W3 Wickensen 58 9.86 0.53
Hrl Harderode 43 7.22 0.88
Hr2 Harderode 56 11 0.88
Hr3 Harderode 68 7.49 0.88
Hr4 Harderode 76 9.97 0.88
Hr5 Harderode 77 4.8 0.88
Hd1 Haddessen 38 7.5 1.45
Hd2 Haddessen 51 5.04 1.45
Hd3 Haddessen 52 5.54 1.45
Hd4 Haddessen 53 6.12 1.45
Hd5 Haddessen 56 6.17 1.45
Hd6 Haddessen 62 6.02 1.45




5.1 Sample preparation

In order to measure the electrical resistivity of PBS, core samples were prepared parallel
and perpendicular to rock bedding. Figure 5.2a shows the drill machine that was used for
the core samples. The drill would come from above and slowly perforate the core sample
until its end. The core samples were drilled to retrieve cylindrical plugs with a 3 cm
diameter. Plugs would then be cut at the ends and made with a length between 3 and 6 cm,
depending on the state of the cores (Figure 5.2b). Figure 5.2c shows the appearance and

typical dimensions of a prepared PBS sample.
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Figure 5.2 - a) Photo of the drilling process of the core samples. b) Photo of cutting process of the
core samples. c) Photo of a Posidonia black shale sample and typical dimensions.



After the drill and cutting phases, the samples were put for two-three days in a vacuum cell
at a temperature of 60 °C in order to extract fluids contained in fissures and pores
(Figure 5.3a). With this procedure a common starting point was set for comparison of
results. Afterwards, the samples were soaked with distilled water and aqueous fluids with
NaCl concentrations 0.1 and 1 M (mol/L). Before soaking, drying of the samples was
repeated to ensure comparability. The saturation of the samples was achieved by
submerging the samples into an aqueous solution in a vacuum desiccator with 2 mBar
atmosphere (Figure 5.3b). After one week, the samples were removed from the desiccator
and electrical resistivity was measured right after. Sample Hr3 and the Haddessen samples
did not resist the process of saturation and ultimately got disintegrated (Figure 5.3c). This
was possibly due to the clay minerals present in the samples which inflated with the

presence of water and cracked the rock into pieces.

Figure 5.3 - a) Vacuum cell where samples were dried up. b) Vacuum desiccator where samples
were saturated. c) Cracked sample after saturation.



5.2 Measuring sample electrical resistivity and porosity

5.2.1 Electrical resistivity

Using Ohm’s law (5.1), the electrical impedance Z of a rock sample can be determined, for

a specific frequency w in the following way:

V=IZ oZ="< (5.1)
with

V= |V]et (5.2)
I = |I|e/(@t=9) (5.3)
Z=|Zle/® (5.4)

where | is an alternating current, V the applied voltage and 6 the phase lag between the

current and the voltage. The Sl units and dimensions are:

Table 5.2 - Quantities and respective units.

Quantities | Units

v Volt (V)
| Ampere (A)
z Ohm (Q)

The electrical impedance can be written as:

Z=R+jX (5.5)



Where R is the electrical resistance and X the electrical reactance. Electrical resistance
equals the magnitude of the electric impedance |Z|.

To obtain the electrical resistivity of a cylindrical rock sample, the electrical resistance R
is multiplied by the cross-section area A of the sample and divided by the distance between
the potential electrodes

A
Psample = R i [Qm] (5.6)

where psampie 1S the electrical resistivity.

A four-point configuration was used to measure the electrical resistivity of the PBS
samples. In this scheme, a cylindrical rock sample is set between two plates serving as
current electrodes and in-between the sample two additional voltage electrodes are placed
below (Figure 5.4). Polarization effects occurring between current electrodes and the rock
sample are avoided with this setup. The voltage electrodes practically draw no current
because they have a very high impedance (~10 TQ). The actual measurements were done
with a Zahner’s electrochemical workstation ZENNIUM (for detailed information,
see: http://www.zahner.de/workstations.html), managed by the Thales software interface
(Figure 5.4b).
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Figure 5.4 - a) Graphical representation of the four-point electric impedance measuring scheme;
b) Photograph of the actual apparatus connected to the Zahner electrochemical workstation.



5.2.2 Porosity

Porosity measurements were done on the black shale samples using the Archimedes
method. First, the mass of the samples was determined in dry and saturated
(with distilled water) conditions. The saturated sample was then weighed suspended under
a balance in air, and again while suspended in the fluid with which it was saturated. From
these measured weights and known density of the fluid, porosity can be calculated using

the following formulas:

(Msat—Msub)
Vsampte = d;luid : (5.7)
(Msat—Mdry)
Vpore = d;luidd > (5.8)
b= Vpore*100 5.9
Vsample

Vsampie is the volume of the sample’s rock matrix, V4, is the volume of the pore matrix
reached by the saturation fluid, dy,,;4 is the density of distilled water and ¢ is the porosity

of the sample in percentage.

5.3 Results

Electrical resistivity measurements were conducted on PBS under room temperature
(~20 °C) and pressure. All measurements were done in the frequency range of 1 Hz to 1
kHz. Figure 7.5, 7.6 and 7.7 in chapter 7 show electrical impedance results within the
chosen frequency range for each sample whilst these were dry. Results show that electrical
impedance is frequency-dependent for all samples. Most measurements show a 50 Hz
disturbance due to surrounding electrical equipment present in the room. The portions of
the curves that show frequency independent electrical resistivity are those where
conduction currents are dominant, and those portions of the curves with electrical resistivity
strongly varying with frequency are where displacement currents are dominant
(Olhoeft 1981). Therefore, electrical impedance values at 1 Hz were chosen to determine

electrical resistivity of each sample. Table 5.3 lists the results of electrical resistivity



measurements at a frequency of 1 Hz and porosity measurements on rock samples from the

Hils Syncline.

Table 5.3 - Electrical resistivity and porosity of the Posidonia shale samples collected at the Hils
Syncline. Electrical resistivity was measured in parallel and perpendicular to rock bedding using
different samples. Porosity results correspond to the porosity measured at the samples which were
drilled parallel to bedding.

Samples Wells Electrical resistivity (Qm) £ Standard deviation
Dry Distilled 0.1 M NacCl 1 M Nadl
water water water
saturation saturation saturation
Parallel Perpendi- Parallel Parallel Parallel
cular
w1 Wickensen 2.20E+03 1.22E+04 7.53E+01 3.81E+01 1.10E+01
+2.32E+02 + 3.88E+02 + 2.90E+00 + 2.64E+00 +7.19E-01
W2 Wickensen 2.37E+03 4.39E+01 1.50E+01 3.92E+00
+ 5.38E+02 n/a + 8.66E+00 +9.85E-01 +3.33E-01
W3 Wickensen 8.72E+04 5.87E+01 3.25E+01 7.55E+00
+9.26E+03 n/a + 2.25E+00 + 4.44E+00 +1.37E-01
Hrl Harderode 2.44E+05 7.45E+06 4.06E+02 1.14E+02 1.76E+01
+7.23E+04 + 2.65E+06 +1.28E+01 + 1.45E+01 + 3.48E+00
Hr2 Harderode 2.54E+04 3.03E+05 1.48E+03 1.04E+03 1.27E+02
+ 8.96E+02 + 5.95E+04 +4.39E+02 +6.21E+02 +2.79E+01
Hr3 Harderode 3.65E+03 1.32E+05
+ 9.65E+02 + 3.85E+04 n/a n/a n/a
Hr4 Harderode 6.79E+05 1.26E+07 7.41E+03 1.63E+03 1.21E+02
+6.13E+04 + 4.64E+06 +3.15E+02 + 8.64E+02 + 2.66E+01
Hr5 Harderode 3.81E+04 1.83E+05 2.24E+03 4.65E+02 1.56E+02
+7.28E+03 + 1.30E+04 + 6.49E+01 +3.76E+01 + 8.09E+01
Hd1 Haddessen 1.49E+04 1.30E+02
+1.24E+03 n/a +2.02E+01 n/a n/a
Hd2 Haddessen 1.03E+02 1.87E+01
+5.86E+00 n/a +1.09E+01 n/a n/a
Hd3 Haddessen 1.64E+02
+6.12E+01 n/a n/a n/a n/a
Hd4 Haddessen 1.41E+02 7.60E+01
+ 7.99E+00 n/a +1.03E+01 n/a n/a
Hd5 Haddessen 2.42E+02 2.47E+03
+ 5.68E+01 +1.12E+02 n/a n/a n/a
Hd6 Haddessen 5.84E+02

+ 6.83E+01 n/a n/a n/a n/a




Due to the heterogenic constitution of the samples, measurements were done at four
different positions for each sample. Each measurement value was different and the standard
deviation of electrical resistivity is, at least, an order of degree lower for all samples.
This is indication that electrical resistivity does not alter much depending on the position
of measurement. Therefore, | consider the arithmetic mean to be a good estimate of the
order of magnitude of the electrical resistivity of each sample.

All samples show electrical resistivity exceeding 100 Qm, and electrical resistivity is
consistently higher when measured across rock bedding, which reflects the heterogeneity
and electrical anisotropy of the PBS. Furthermore, electrical resistivity does not correlate
with the increase of thermal maturity. Samples from the Harderode well exhibit the highest
electrical resistivity values, whilst samples from the Haddessen well the lowest. Injection
of distilled and saline aqueous solutions leads to a systematic decrease in electrical
resistivity, with the highest salt concentrations leading to lower electrical resistivity, at least
in the Wickensen and Harderode samples. Figure 5.5 shows electrical resistivity of all
samples whilst these were dry and saturated with distilled water and NaCl solutions of
0.1 M and 1 M. It should be noted that some samples, particularly those from the Haddessen
well, could only be measured in dry conditions, as fluid injection caused physical
disintegration of the samples.
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Figure 5.5 - Electrical resistivity measurements of the Posidonia shale samples in dry and wet
conditions. In dry conditions, all samples are resistive, with the Harderode well exhibiting the

highest resistivity values. Saturation of the samples with distilled water and salty solutions lowers
the resistivity of all samples.



With regard to porosity, samples from the Harderode well show the lowest values between
4 and 5%, followed by the Haddessen with values between 6 and 8% and Wickensen
samples with values between 10 and 15% (Figure 5.6). A similar trend was observed by
Bernard et al. (2013). They determined slightly higher porosities between 10 and 14% for
the Wickensen, 4 and 6% for the Harderode and 9 and 12% for the Haddessen. The methods
utilized in this study were both gravimetric (Archimedes method) and volumetric (mercury
injection). The latter can access pores as small as 2.5 nm and therefore could access the

smaller range of pores in comparison to the Archimedes method.
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Figure 5.6 - Porosity of the Posidonia shale samples. Samples from the Wickensen well exhibit the
highest porosities, those from the Harderode well the lowest.

The electrical resistivity values obtained for samples flushed with distilled water and
NaCl aqueous solutions of 0.1 M and 1 M were used to investigate the correlation between
electrical resistivity and porosity. Figure 5.7 shows strong and negative correlations
between electrical resistivity and porosity with higher porosity being associated with lower
resistivity, except for the Haddessen samples. It is possible that a negative correlation
would have been seen for the Haddessen well if the remaining samples had not

disintegrated during the saturation process.

Electrical resistivity values obtained for samples whilst they were dry were used to
investigate the correlation between electrical resistivity and TOC. Figure 5.8 shows only a
predominant positive correlation between electrical resistivity with TOC for the Haddessen
samples. A positive correlation is also observed for the Wickensen samples but the TOC

range is of 0.2% and is rather insignificant for interpretation purposes.
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5.4 Discussion

Results show that the PBS samples taken from the Wickensen, Harderode and Haddessen
wells at the Hils Syncline area has electrical resistivity higher than 100 Qm when measured
in dry conditions. For one, this suggests that the mineral composition (mainly calcite) of
this black shale does not possess a well-conductive mineral phase. The only
well-conductive mineral is pyrite which in the PBS it is not well interconnected. Figure 5.9
shows examples of photomicrographs from Wickensen and Haddessen samples where one
can observe that the pyrite clusters are not interconnected in the rock matrix. Furthermore,
the results also indicate that the organic carbon found at grain boundaries of PBS has not
yet reached, in any of the wells, a thermal maturity that is high enough to produce low
electrical resistivity. Similar conclusions, for example, were drawn for other low-grade
maturity organic-rich black shales by Duba (1983); Ahmad et al. (1991); Raab et al. (1998).
Although the PBS is not a particularly well conducting rock at the investigated thermal
maturities, it could become conductive in areas of the LSB where thermal maturity is closer
to the meta-anthracite stage. This is reported in Walters et al. (2014) where a PBS sample
with a vitrinite reflectance of 3.6% Ro rendered high electrical conductivity. No electrical

resistivity values, however, were disclosed in this study.

Figure 5.9 - Microphotograph of Posidonia black shale from the a) Haddessen and b) Wickensen
wells (modified after Bernard et al. 2013). Note the light grey carbonate patches, dark grey quartz
and albite grains, black organic carbon spots and wisps, and the white pyrite clusters.

The electrical resistivity results do not show a linear decrease of electrical resistivity of the

samples in the dry state with increasing thermal maturity. As was mentioned in chapter 2.2,



increasing thermal maturity transforms organic carbon into hydrocarbons and leaves a
carbonaceous residue that can become electrically conductive at the meta-anthracite,
semi-graphite and graphite stages. Besides the PBS, Walters et al. (2014) measured the
electrical resistivity of five other black shales with vitrinite reflectances of 0.6%, 1.6%,
3.3%, 4.5% and >4.5% Ro and verified that electrical resistivity decreased consistently
with increasing thermal maturity. This descent in electrical resistivity was attributed to the
increase in turbostratic carbon structures in the black shales with thermal maturity. This
process leads to a decrease of bulk electrical resistivity of organic-rich rocks, of course, if
the carbon content is high enough and widely connected between grain boundaries. It is
possible that black shales in the graphitic stage do not have low electrical resistivity due to
low or no interconnectivity of graphite crystals at the grain boundary (Branch et al. 2007).
In the case of the PBS from the Hils Syncline, organic carbon is well disseminated
throughout the grain boundaries (Bernard et al. 2013). Furthermore, Bernard et al. (2012b)
show that the increase in thermal maturity between the Wickensen and Haddessen wells
also increases the aromatic carbon structures in the PBS. Therefore, a steady decrease of
electrical resistivity between the Wickensen and Haddessen wells would have been
expected if organic carbon was a controlling factor of electrical resistivity in the PBS
samples.

The reason for the observed trend is not clear. Coincidently, a similar trend has been
observed for coals within the same thermal maturity range (Parkhomenko 1967)
(Figure 5.10). Electrical resistivity of coals seems to increase from the immature, brown
coal stage until they reach the gas coal stage, followed by a steep decrease until the graphite
stage. This trend was established after compiling a series of results from different
publications concerning the electrical resistivity of coals at different thermal maturities
available. According to Toporets (1961), however, brown coal is the most electrically
resistive coal type, with an electrical resistivity of the order of 10'> Qm. In regard to this,
Parkhomenko (1967) refers that the wide range of electrical resistivity values for different
thermal maturities is related to moisture being present in some of the investigated coals.
The water content influenced in particular the values of electrical resistivity of coals with

vitrinite reflectance below 1% Ro, mainly provided by Dakhnov (1961).
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The fact water content is referred as an influential factor of the observed trend of electrical
resistivity for coals could be relevant in the interpretation of the observed trend of electrical
resistivity between the Wickensen and Haddessen wells. The only trend that was observed
and matches that of electrical resistivity is that of porosity. The loss of porosity between
Wickensen and Harderode wells and the subsequent gain of porosity between the
Harderode and Haddessen wells could be setting the observed electrical resistivity trend in
case electrolytic and/or surface conduction was occurring whilst the samples were
supposedly dry. However, this would require that water was present in the pores whilst
electrical resistivity was measured. If this was the case, it implies the drying process was
not entirely successful. An open question is left with the fact that the Haddessen samples
exhibit the lowest electrical resistivity values in spite of the Wickensen samples exhibiting

the highest porosities. A contribution from rock matrix elements in electric conduction



cannot, therefore, be excluded, particularly in the Haddessen samples, in which carbon

content seems to be influential.

A consistent result of our investigation is the decrease of electrical resistivity of the PBS
samples due to pore saturation with distilled and salty water. This result indicates that
electric conduction in PBS in thermal maturity lower than the gas stage is predominantly
porosity controlled. Furthermore, strong negative correlations between electrical resistivity
and porosity point in that direction, at least for the Wickensen and Harderode samples. Also
according to Bernard et al. (2013), a significant fraction of the pore space of the PBS is
located inside the clay mineral matrix. Clay minerals are known to have an electrically
‘active’ surface layer that can supply ions in aqueous solutions (e.g. Mitchell & Soga 1993).
Enhanced mobility of ions could explain why even saturation with distilled water, which is
an insulator, causes a drop in resistivity. The Haddessen samples showed, however, lower
decrease of electrical resistivity with distilled water in comparison with the remaining
samples. Together with the fact that a positive correlation between electrical resistivity and
TOC was observed, it could be that the influence of pore water at the gas stage is starting

to become lower in detriment of carbon content.

With regard to MT, these results confirm the difficulty that it is to resolve the PBS
formation, at the inspected thermal maturities. Besides not being a well-conductive rock,
its electric resistivity dependence on porosity makes it very hard to distinguish from other

permeable rock formations such as sandstones which are known to behave in the same way.

Forward modelling

Using the MT and laboratory results, | did a forward modelling test to investigate if an
electrically resistive layer of black shale has any chance to be resolved in sedimentary basin
such as the LSB. Figure 5.11 shows a layered resistivity model with a 100 m thick layer at
1500 m depth representing the PBS formation. This model was based on the two-
dimensional inversion model result seen in Figure 4.17. T assigned a 100 Qm value to the
PBS which is the lowest value measured with the samples. Figure 5.12 shows the forward
response obtained with and without the layer PBS. The responses are virtually identical
(if no noise is added). Thus, under these circumstances, identifying the PBS formation by
its electrical properties and using standard 2D inversion approaches is evidently not

possible. Furthermore, where the PBS contains free and adsorbed hydrocarbons in the pore



matrix — and knowing these are electrically resistive — one could expect an analogous
electrical resistivity contrast as observed in Figure 5.11. Moreover, the laboratory study
also showed that electric conduction of the PBS in the immature and hydrocarbon
generation stages is predominantly porosity controlled. Because of this, it is difficult to
distinguish this formation from other permeable formations of the LSB, such as sandstones,
if these are water saturated.
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Figure 5.11 - Layered resistivity model based on inversion result seen in Figure 4.17. The Posidonia
black shale is represented as a 100 Qm, 100 m thick layer.
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Figure 5.12 - Model response a) without and b) with the inclusion of the Posidonia black shale layer.
Both model responses are virtually the same which implies a resistive Posidonia shale layer is
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6 Main conclusions and outlook

This study presents a series of interesting results which indicate that black shales are not
always good conductors and that their electrical conductivity is rather dependent on a

variety of factors.

It was fairly well understood that high organic carbon content can cause high electrical
conductivity in black shales. However, in order to conduct electricity in an optimal way,
carbon needs to be in a highly aromatized chemical arrangement, such as carbon in
graphite. For carbon to reach this stage it needs to be thermally matured, or in other words,
needs to be exposed to very high temperatures (>400°C). Otherwise, carbon has high

electrical resistivity.

The laboratory measurements on dry Posidonia black shale (PBS) samples carried out as
part of this thesis confirm this. Between the immature and gas stages of thermal maturation
(<200°C), electrical resistivity of the PBS mostly ranges between higher than 10° and 10°
Qm, with the lowest values measured around 100 Qm, at the gas stage. No direct
correlation was observed, however, between electrical resistivity and thermal maturity.
The Harderode samples showed the highest electrical resistivity values and the Haddessen
samples the lowest. The reason for this result is not clear since aromatization of the organic
carbon of the PBS did increase from Wickensen to Haddessen. An unsuccessful drying
process of the samples and the consequent presence of moisture in the pore structure
leading to a more porosity controlled electric conduction through the samples could have
been the cause. The compositional heterogeneity of the PBS became evident when all
measurements of electrical resistivity done perpendicular to rock bedding resulted higher
than those done parallel to rock bedding. Furthermore, the electrical resistivity of the PBS
samples decreased significantly when soaked with distilled and salty water and showed
high dependence on porosity, at least for PBS samples in the immature and oil stages.
This indicates electric conduction is predominantly controlled by pore fluid and porosity

rather than by carbon content at these thermal maturity.

Because electrical conductivity of black shales depends on thermal maturity, successful
magnetotelluric (MT) exploration of black shales also depends on their thermal maturity.
According to the basin model of the Lower Saxony Basin (LSB), the thermal maturity range
of the PBS formation for which we obtained our two-dimensional (2D) MT inversion

model is comparable to that of the samples. Towards the southern end of the model the



6 Main conclusions and outlook

PBS is in the anthracite stage and in the immature stage for the northern end of the profile.
The 2D inversion model shows a number of conductive features within the depth range of
the PBS. However, where the PBS is more mature it coincides with a more resistive feature
and where it is less mature it coincides with a conductive feature. It is likely that the referred
conductive features are best explained by brines present in over- and underlying porous
sediments and the PBS as well. The thickness of the black shale layers is only of 100 m
and is found between clay-rich sandstones. Furthermore, the laboratory results suggest that
the thermal maturity of the PBS in the MT survey area is not high enough to be electrically

conductive.

The deeper conductive features in the 2D inversion model, however, are most likely caused
by thermally mature Carboniferous coals. Due to their greater depth of burial (>3 km),
these coals are very likely thermally more mature (meta-anthracite to graphite stage) than
the PBS and consequently, more electrically conductive. The electrical conductivity
associated with the shallower Westphalian coal layer is around 1 Qm at the southern end
of the inversion model and ends at around 20 Qm for its northern end. Therefore, even
though the PBS was not successfully resolved within the sedimentary sequences of the LSB
with MT, one cannot exclude the possibility of resolving it in areas where thermal maturity
is higher.

As an outlook, further analysis could be done of the remaining GASH MT data which was
left out of the inversion modelling. Due to high level of EM noise, the stations 1 to 27 the
southernmost 13 km of the MT data could not be included in the inversion modelling, out
of time considerations. As this data is located in an area where thermal maturity is higher
it may be possible to resolve the PBS with MT as a conductive feature. | suggest that in an
eventual, more detailed analysis of this particular data that was left-out, thorough
investigation could still be done with the SEL4ROB tool. Also, one could try using an
activity filter based on the Wiener filter and also do a multi-remote reference approach, in
order to improve the data. Then, an integration of this research could be done with the
already performed CS-MT and seismic experiments, which were done in the same section
of the MT profile that was left out. These experiments impart different and valuable
information that can be used as a constraint in inversion modelling and consequently help

in obtaining clearer results.



7 Appendix

InFigures 7.1, 7.2, 7.3 and 7.4 | show the selected measured transfer functions of the GASH
stations (points) and the corresponding responses (lines) of 2D model inversions. The data
of each station is presented in three diagrams. The axis scale and the data of every graph
follows a conventional representation of MT data. The abscissa of all the graphs is the
period length T in seconds, the axis is located between logarithmic 10 and 10* s. The
ordinate of the upper diagram shows the apparent electrical resistivity p,, with a
logarithmic axis division of 10 to 10° Qm. The ordinate of the middle diagram of each
station is the phase linearly divided between 0° and 90°. The lower diagram, slightly
narrower each chart shows the vertical magnetic transfer function 7,,, and the ordinate is
linearly divided between -1 and 1. Regarding the color coding of the curves, in the top two
graphs, pg xy and ¢, shown inred (corresponding to the case of rotated 2D data of the TE
mode) and pg y, and ¢, (in 2D TM mode) are shown in blue. In the case of the vertical
magnetic transfer function T, the real part (Re(T,,)) has the colour of red and the imaginary

part (Im(T,,)) has the colour of blue.

In Figures 7.5, 7.6 and 7.7 | show the electrical impedance measurements done at each
Posidonia black shale sample. The abscissa of the graphs represents the frequency range in
log19Hz, the axis is located between 0 and 3. The ordinate of the graphs represents the
electrical impedance in Q. The color coding stands for different iterations of the electrical

impedance measurement.
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Figure 7.1 - Measurement data and model response of the preferred 2D model (Figure 4.17) for
GASH stations 28 to 43. See text for corresponding diagram description.
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Figure 7.2 - Measurement data and model response of the preferred 2D model (Figure 4.17) for

GASH stations 44 to 60. See text for corresponding diagram description.
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Figure 7.3 - Measurement data and model response of the preferred 2D model (Figure 4.17) for
GASH stations 61 to 77. See text for corresponding diagram description.
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Figure 7.4 - Measurement data and model response of the preferred 2D model (Figure 4.17) for
GASH stations 78 to 83. See text for corresponding diagram description.
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