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ABSTRACT

The geological setting in the north of Ireland, especially concerning the origin of the
Moffat Shale Group, has long been under discussion. Within the Tellus Programme
of the Geological Survey Ireland, airborne electromagnetic measurements revealed
high-conductivity anomalies that have been interpreted as the response of a black
shale. In order to petrophysically characterize the Moffat Shale, a laboratory study
using material from two shallow boreholes was carried out. The study focuses on
spectral induced polarization measurements on 23 oriented samples in the frequency
range from 10~ to 10° Hz.

The sample material can be categorized into two groups. A mudstone-like rock
type shows weakly frequency-dependent, porosity-driven conductivities with a strong
anisotropy. On the other hand, black shale samples are characterized by moderately
anisotropic but strong polarization effects especially at low frequencies and a strong
conductivity increase towards higher frequencies. The polarization in the black shale
is controlled by the texture and volume fraction of the polarizable components. The
spectral induced polarization data are processed by means of a Debye decomposition
approach. The anisotropy of the complex electrical conductivity is determined by uti-
lizing the foliation dip angle and assuming tilted transverse isotropic conditions. The
relevance of the laboratory findings for airborne electromagnetic surveys is addressed
with a synthetic one-dimensional modelling study.

Key words: Airborne EM, Complex Conductivity, Chargeability, Induced Polariza-

tion, Shallow Subsurface.

INTRODUCTION

Airborne electromagnetic (AEM) surveys in frequency or time
domain are a common tool to efficiently map the geological
structure of the subsurface and potential natural resources of
large areas. They provide extensive information about the up-
per 10 to 100 m with a high spatial resolution (e.g. Foun-
tain 1998; Siemon, Auken and Christiansen 2009a; Arab-
Amiri et al. 2010; Gotze et al. 2014; Li et al. 2017). More
and more sophisticated inversion schemes and tools are avail-

able, which are able to deal also with large three-dimensional
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AEM datasets (e.g. Siemon Auken and Christiansen 2009b;
Pfaffhuber, Hendricks and Kvistedal 2012; Auken et al. 2015;
Scheunert et al. 2016; Anschiitz et al. 2017; Kiyan, Rath and
Delhaye 2017; McMillan, Haber and Marchant 2018). The
impact of specific petrophysical settings, such as rocks with
strong electrical polarization properties (i.e. induced polariza-
tion) is subject to recent and current research (e.g. Kratzer and
Macnae 2012; Lin et al. 2019). The effect of anisotropy has
been studied by means of numerical simulations (e.g. Avdeev
et al. 1998; Liu and Yin 2014).

In the course of the Tellus Programme, which is car-
ried out by the Geological Survey Ireland, AEM frequency
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Figure 1 Study area in the Republic of Ireland, geological map and location of the two boreholes GSI-14-113 and GSI-14-05.

domain measurements have been performed in the Republic
of Ireland. The data were used to reassess the geology of the
Moffat Shale Group, a complex geological structure located
in the North of Ireland (Beamish et al. 2010; Fig. 1). In the
cited publication, half-space estimates of subsurface conduc-
tivity were derived from the AEM data for mapping purposes.
Near the Moffat Shales, these maps show high-conductivity

Figure 2 Apparent conductivity data from 3 kHz
airborne electromagnetic data acquired during
the Tellus Programme (Beamish et al. 2010;
Cooper et al. 2016).

anomalies trending southwest to northeast, with an almost
linear appearance (Fig. 2). Ground-based geophysical surveys
supported the correlation between the occurrence of carbona-
ceous, pyritic rocks within the Moffat Shale Group and the
conductivity anomalies (Cooper et al. 2016).

It is well known that carbonaceous rocks such as black

shales and schists can bear strongly anomalous electrical
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properties regarding polarization and anisotropy (e.g. Jodicke
et al. 2004; Bazin et al. 2018; Borner et al. 2018). So far,
however, the electrical properties of the Moffat Shales are
unknown. We consequently performed a laboratory study in
order to provide additional laboratory-scale information for
the interpretation of the AEM data. Rock material taken from
two boreholes down to a depth of 71 m was investigated
(Figs. 1 and 2). The complex-valued electrical conductivity
of the rocks was determined by measurements of the spectral
induced polarization (SIP) on oriented pairs of plugs. Geo-
chemical analyses as well as the density and porosity determi-
nation provide additional information for the interpretation
of the complex conductivity data, thereby focusing on polar-
ization effects and anisotropy. The implications of the labo-
ratory results for the interpretation of AEM data are assessed

by performing one-dimensional forward simulations.

GEOLOGICAL SETTING OF THE MOFFAT
SHALE GROUP

The origin of the Moffat Shale Group has been under discus-
sion for a long time. The most commonly accepted hypothesis
explains its formation by an accretionary prism, which de-
veloped during the collision of the continents Avalonia and
Laurentia due to the closure of the Iapetus Ocean in the late
Silurian (approximately 418 Ma ago). In the course of the
subduction process, marine sediments were scraped from the
ocean floor and accreted to the Lauretian continent. This led
to the formation of turbidite sequences, that is the segmen-
tation into parallel tracts stretching from northeast to south-
west, separated by strike-parallel faults (Mitchell 2004).
Each of those tracts includes an approximately 2 km thick
sand- or mudstone succession, followed by a 150-m thick
black shale sequence (Beamish et al. 2010). The black shales
differ from the other mudstones by the presence of organic
carbon, which originates from the organic matter of marine
plants and animals (Uffmann, Littke and Rippen, 2012). The
oxygen-poor environment required for the conservation of
the carbonaceous material also provided good conditions for
the formation of sulfide minerals, leading to an abundance of
pyrite and chalcopyrite in the Moffat Shale (cf. Tucker 2001).

ELECTRICAL PROPERTIES

The electrical conductivity o* of a rock is generally a
frequency-dependent, complex-valued and anisotropic prop-
erty (Olhoeft 1985; Nabighian 1987).

Anisotropic complex conductivity of the Moffat Shale 677

It can be understood as a superposition of an electrolytic
o, and an interface o;f conductivity. o* is related to the com-

plex electrical resistivity p* via the reciprocal:
o' (0) = ——— =0y + 0 (»), (1)
*(w

where the * denotes complex quantities and w is the angular
frequency. It may also be written in terms of real and imagi-
nary part (6’ and o”, respectively) or as magnitude (o *|) and
phase shift (¢):

o (w) = o' () +ic" () =|o*| - €. (2)

Here i denotes the imaginary unit. The electrolytic con-
ductivity is commonly described by Archie’s law and includes
conduction through the free water phase in a rock’s pore space
(Archie 1942; Schon 2015). In the fully water-saturated case,
it depends on porosity ®, the empirical cementation exponent

m and the pore water conductivity o,,:
og=P"-0,. (3)

The interface conductivity o is caused by a variety of
mineral-surface-related polarization phenomena (Marshall &
Madden 1959). The basis of polarization phenomena is the
property of many minerals to develop a surface charge. When
in contact with electrolytic solutions, the so-called electrical
double layer (EDL) forms in the electrolyte as a counterbal-
ance of this surface charge (Helmholtz 1879; Revil & Glover
1997; Duval et al. 2002). When an external electric field is
applied, conduction and polarization take place. Thereby, the
polarization at metal or semiconductor — solution interfaces
(where current flow through the interface takes place) and
diffusion-related polarization phenomena at charged mineral
surfaces (without current flow through the interface) can be
differentiated (e.g. Marshall & Madden 1959). A direct iden-
tification of the dominant polarization mechanism in a rock
is not possible only by electrical measurements.

Diffusion-related polarization includes several mecha-
nisms, such as the polarization by the motion of charge carri-
ers within the EDL (electrochemical polarization; e.g. Schwarz
1962; Leroy et al. 2008) and the polarization at narrow pore
throats, where the neighbouring EDLs come close (membrane
polarization; Marshall & Madden 1959; Biicker & Hoérdt
2013).

Polarization with current flow through the interface —
the so-called electrode polarization — occurs, when electroni-

cally conductive or semiconductive minerals, such as graphite,

© 2019 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association

of Geoscientists and Engineers., Near Surface Geophysics, 17, 675-690

85U80|7 SUOWIWOD A0 3|cedljdde aup Aq pausenob aJe sejoife VO ‘8sn JO S8 10} A%eiq18ulUO A1 UO (SUORIPUCO-pUe-SWLRI/LIO" A3 1M AfeIq Ul |UO//:SANY) SUORIPUOD pue swe L 8yl 88s *[GZ0z/TT/Gz] Uo AriqiTauljuo oM ‘EIseAIUN-RYINT-ULR N Aq £202T BSU/Z00T 0T/10p/w00 A8 1M AeIq Ul |UO//:SANY WOy papeojumod ‘9 ‘6T0Z ‘Y090EL8T



678 L. Rémbild et al.

pyrite or chalcopyrite, are present in a rock (Pelton et al.
1978; Hupfer er al. 2015; Revil er al. 2015; Gurin et al.
2018). A strong charge separation at the mineral surfaces takes
place due to the transfer from electrolytic (in the pore fluid)
to electronic conduction or semiconduction (in the mineral
grain). When electrode polarization is the dominant polariza-
tion mechanism, o* can often be described by the Cole-Cole
model (Cole and Cole 1941; Pelton et al. 1978):

* 1 B

where o, is the DC conductivity (conductivity asymptote to-
ward zero frequency), m [0..1] denotes the chargeability and
is a measure for the polarization strength, 7 is the relaxation
time and reflects the period of the strongest polarization, and
¢ [0..1] is called frequency exponent and describes the broad-
ness of the polarization peak.

In the case of more than one electrode-polarization source
or if other polarization mechanisms (i.e. electrochemical and
membrane polarization) are also dominant, it is no longer
possible to describe the complex conductivity of a rock with
equation (4) with adequate accuracy. The more flexible Debye
decomposition approach is frequently used to obtain conve-
nient and objective parameters for the interpretation of such
data (Nordsiek and Weller 2008). A complex conductivity
spectrum of arbitrary appearance is thereby represented by a
summation of / Debye relaxations:

-1
. _ 3 B 1
o (w)_ao|:1 Zm, (l 1+iwfl>:| , (5)

with o, as DC conductivity, 7; as relaxation time of contribu-
tion [ and m as chargeability of contribution /. Equation (4)
can be considered as a special case of the Debye decompo-
sition. In order to represent the data by few characteristic
parameters, the total chargeability > and the mean relax-
ation time T are calculated from the decomposition as follows
(Nordsiek and Weller 2008):

Yom=) m, (6)
I}

7 = exp (Zz myln (H)) . )
dm

In general, the Debye decomposition is an ill-posed in-
verse problem, introducing a dependency on the choice of
the number of terms and the regularization, which renders
it non-unique. Further transformations are often employed
for inversion stability purposes, for example, the enforcement
of non-negativity, other physical bounds, or computational

well behaviour (e.g. Weigand and Kemna 2016; Borner et al.
2017).

An anisotropic behaviour of conductivity is often ob-
served, especially in foliated sedimentary or metamorphic
rocks (e.g. Halisch ez al. 2009; Revil et al. 2013; Kassab and
Weller 2019). The origins of electrical anisotropy can be, for
example, the deformation of pore space during compaction or
the alignment of polarizable rock constituents with the folia-
tion (e.g. Jodicke et al. 2004; Borner et al. 2018).

If anisotropy is present, the conductivity is described by
a second-rank tensor ¢* with — in the most general case — nine

components:
* * *
Ox ny ze
,:k — * * *
0" = |0y Oy Oy |- (8)
* * *
Ox Uzy Oz

The tensor is a positive-definite matrix, which is also
symmetric in the case of dominant ohmic conduction pro-
cesses (Dekker & Hastie 1980; Weidelt 1999; Marti 2014).
The number of non-zero tensor components can therefore be
reduced by means of the principle axis theorem to the three

principle directions 6

=% =k,
T Oy and 67

6. 0 0
or=0 &5 0. (9)
0 0 &

2z

For pronouncedly and planar foliated rocks — such as
many sedimentary rocks — transverse isotropic conditions ap-
ply, which further reduce the independent components of o*
to one in-plane (o, parallel to the foliation) and one per-
pendicular (o}, perpendicular to the foliation) conductivity:

of 0 0
=0 of 0]. (10)
0 0 o}

Taking the direction of sedimentation and the dip an-
gle into account, transverse isotropic media often occur in
the form of vertical transverse isotropic or tilted transverse
isotropic media. The strength of the anisotropy of any phys-
ical property P may then be quantified by a coefficient Ap
(Keller and Frischknecht 1966):

Ap = [k (11)

where P and P, are the property values parallel and perpen-

dicular to the foliation, respectively.
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MATERIALS AND METHODS
Rock samples

The focus of the laboratory study was to reveal the cause of
the high apparent airborne electromagnetic (AEM) conductiv-
ities of the Moffat Shale Group. Therefore, rock material from
two boreholes, which pass through the target formation (see
GSI-14-05 and GSI-14-113 in Fig. 1) was investigated. The
rocks can be assigned to three different geological formations,
all of which belong to the Moffat Shale Group: the Lough
Avaghon Formation (LA), the Oghill Formation (OL) and the
Kehernaghkilly Formation (KY). The latter is predominantly
composed of carbonaceous and pyritic black shale with signif-
icant carbon content and visible amounts of pyrite, whereas
the plugs from the other two formations consist of ordinary
mudstones with negligible carbon content and only sporadic
pyrite inclusions (Table 1 and Fig. A1). All three formations
show a clear stratification, which is tilted with respect to the
borehole trajectory. Due to the deformation during genesis,
the stratification dip angle varies locally in the formations.

The core samples originate from different depths, down
to 71 m, comprising 23 cylindrical plugs of 2 cm diameter
and 3 cm length (see Table 2 and Fig. A1). Wherever possible,
oriented pairs of plugs — drilled vertically and horizontally
relative to the core axis — were produced to allow for a local
assessment of anisotropy. Four samples were crushed using a
disk mill RS 200 to a particle size fraction <63 um in order to
perform comparative spectral induced polarization (SIP) mea-
surements and coulometric analyses. The matrix density and
porosity of all samples were derived by the triple weighing
method (e.g. Schén, 2015). An overview of the basic petro-
physical and geochemical characteristics of all samples is given
in Table 2.

Spectral induced polarization measurements

The complex electrical conductivity of all samples was mea-
sured in the frequency range between 10~* and 10° Hz

Anisotropic complex conductivity of the Moffat Shale 679

using the SIP method. A SIP-QUAD instrument from Radic
Research and a modular measuring cell were used. The
measuring cell utilizes a four-electrode configuration (see
Fig. B1). It is equipped with platinum net electrodes (C1
and C2) for current injection, which are placed in reser-
voir cambers filled with degassed sodium chloride solution
(0, =0.1S/m at 20°C). The sample holder is placed between
the reservoir cambers. The voltage is measured with platinum
wire ring electrodes (P1 and P2), which are located in slots at
the ends of the sample. For the unconsolidated samples, we
used a vertical arrangement of the same sample holder with
adapted chambers for C1 and C2. The potential measure-
ment and the geometrical factor of both cell configurations are
identical.

All samples, both plugs and crushed material, were
saturated under vacuum for 48 hours with a degassed
sodium chloride solution with an initial conductivity o, =
0.1 S/m at 20°C. Short repressurization periods were applied
to advance the wetting of the sample interior. After the satura-
tion process, the samples were kept at normal conditions for
minimum 24 hours to equilibrate. All plugs were wrapped in
PTFE tape and placed tightly into the sample holder. Due to
the very low measuring frequencies, a full SIP spectrum for a
single sample took approximately 12 hours. The SIP response
of each sample was monitored for at least 48 hours.

The resulting SIP spectra were processed by means of
the Debye decomposition (cf. equation (5)). The implementa-
tion is the one described by Borner et al. (2017) expanded
by the use of analytic derivatives for the computation of
the Jacobian and a line search algorithm (see, e.g., Taran-
tola 2005). The model space has been parameterized by five
logarithmically equidistant relaxation times per decade rang-
ing from 1077 to 107 seconds. Data affected by electromag-
netic coupling effects were not used for the decomposition
(above 10* Hz for the mudstones and above 10* Hz for the
black shale). The characteristic parameters o, Y m and T
were calculated for all samples (cf. equations (6) and (7),
Table 2).

Table 1 Overview of the formations covered by the presented dataset. d,,,, denotes average matrix density, ® is average porosity and C,,, refers

to the average amount of organic carbon

org

Formation Rock type Borehole d,., (g/cm?) D (%) Corg (wt%)" Pyrite

Lough Avaghon Mudstone 14-113 2.70 + 0.01 1.15 £ 0.15 ~0.2 Grains small and rare

Oghill Mudstone 14-05 2.73 + 0.02 3.60 + 0.4 ~0.05 No pyrite visible

Kehernaghkilly Black shale 14-05 2.74 £ 0.1 1.25 + 0.63 =2 Varying pyrite content (~0-10 vol %)

“From coulometry after Herrmann and Knake (1973).

fRough overall estimate based on coulometric determination of the sulfur content and d,,,.

© 2019 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association

of Geoscientists and Engineers., Near Surface Geophysics, 17, 675-690

85U80|7 SUOWIWOD A0 3|cedljdde aup Aq pausenob aJe sejoife VO ‘8sn JO S8 10} A%eiq18ulUO A1 UO (SUORIPUCO-pUe-SWLRI/LIO" A3 1M AfeIq Ul |UO//:SANY) SUORIPUOD pue swe L 8yl 88s *[GZ0z/TT/Gz] Uo AriqiTauljuo oM ‘EIseAIUN-RYINT-ULR N Aq £202T BSU/Z00T 0T/10p/w00 A8 1M AeIq Ul |UO//:SANY WOy papeojumod ‘9 ‘6T0Z ‘Y090EL8T



680 L. Rémbild et al.

Table 2 Overview of the samples investigated in this study. d,,,, denotes matrix density, ® is porosity

Debye decomposition

Sample ID Formation Borehole drill direction Depth (m) D (%) A (glcm?) o (S/m) “m 7 (s)

LA-36-s LA 14-113 Vertical 36.0 1.31 2.71 8.15E—-04 2.45E-01 6.72E—03
LA-39-h LA 14-113 Horizontal 39.3 1.08 2.68 1.73E-03 1.41E-01 9.77E—-03
LA-39-v LA 14-113 Vertical 39.3 0.98 2.69 4.90E—04 1.71E-01 3.79E-03
OL-09-h OL 14-05 Horizontal 9.1 3.74 2.71 8.83E-03 1.71E-01 1.24E-01
OL-09-v OL 14-05 Vertical 9.1 4.01 2.73 1.71E-03 1.19E-01 1.91E-02
OL-18-h OL 14-05 Horizontal 18.3 3.17 2.75 8.34E-03 1.69E-01 3.33E-01
OL-18-v OL 14-05 Vertical 18.3 4.02 2.71 1.94E—03 1.39E-01 6.12E—-02
KY-50-h KY 14-05 Horizontal 49.5 1.94 2.73 5.83E-03 9.95E-01 8.52E+02
KY-50-v KY 14-05 Vertical 49.5 1.68 2.76 5.10E-03 9.95E-01 6.18E+02
KY-55-h KY 14-05 Horizontal 54.6 1.67 2.71 6.62E—03 9.93E-01 8.31E+02
KY-55-v KY 14-05 Vertical 54.6 1.72 2.81 2.74E-03 9.88E-01 2.83E4+02
KY-55-s KY 14-05 Horizontal 54.6 1.27 2.68 3.35E-03 9.85E-01 9.79E+02
KY-59-h KY 14-05 Horizontal 58.5 1.68 2.68 4.67E—03 9.91E-01 4.54E+02
KY-59-v KY 14-05 Vertical 58.5 1.39 2.70 5.70E—-03 9.88E—-01 2.58E4+02
KY-59-s KY 14-05 Horizontal 58.5 1.38 2.77 6.83E—-03 9.92E-01 3.76E+02
KY-61-h KY 14-05 Horizontal 61.2 1.15 2.71 2.28E—03 9.40E—-01 3.22E402
KY-61-v KY 14-05 Vertical 61.2 1.35 2.76 2.30E-03 9.59E-01 5.72E402
KY-63-s KY 14-05 Horizontal 63.0 1.31 2.77 3.61E-03 9.77E-01 5.37E402
KY-69-h KY 14-05 Horizontal 69.0 1.86 2.75 4.19E—03 9.91E-01 5.86E+02
KY-69-v KY 14-05 Vertical 69.0 1.62 2.76 3.34E-03 9.92E-01 4.96E4+02
KY-69-s KY 14-05 Vertical 69.0 1.01 2.84 8.67E—04 6.57E-01 5.61E401
KY-71-h KY 14-05 Horizontal 70.8 0.77 2.64 1.49E—03 9.91E-01 5.35E+02
KY-71-v KY 14-05 Vertical 70.8 0.96 2.63 1.49E-03 9.67E—-01 4.08E402
LA-39-v-c LA 14-113 Crushed 39.3 ~40 2.69 1.30E-01 7.48E—03 6.91E—-04
OL-18-h-c OL 14-05 Crushed 18.3 ~40 2.75 1.06E—01 5.87E—03 3.30E-03
KY-71-h-c KY 14-05 Crushed 70.8 ~40 2.64 1.12E-01 6.07E—-02 1.48E—-04
KY-71-v-c KY 14-05 Crushed 70.8 ~40 2.63 9.82E—-02 6.99E—02 2.06E—04

Synthetic airborne electromagnetic data

The laboratory measurements revealed a wide range of con-
ductivities and polarization characteristics of the Moffat Shale
Group. We consequently assessed whether the documented
electrical properties can be the source of the anomalous AEM
data (Fig. 2) by undertaking a one-dimensional (1D) for-
ward modelling study. By carrying out simulations based
on the complex conductivities from the laboratory experi-
ments, a basic evaluation of the sensitivity of AEM to the
observed material properties is possible. A Matlab imple-
mentation of the analytic solution to the Helmholtz equa-
tion for AEM was used to obtain theoretical AEM data pro-
duced by a given 1D complex conductivity distribution (pers.
commu. Ralph-Uwe Borner; Nabighian 1987; Scheunert ez al.
2016).

All calculations include the same parameterization of
the measuring geometry, which is in accordance with the
actual setup used during the AEM surveys of the Tellus

Programme. A horizontal magnetic dipole system (HMD)
with vertical-coplanar coils was used with an offset be-
tween receiver and transmitter of 21.4 m. The flight alti-
tude was set to 60 m, which was the usual height in rural
areas.

A typical evaluation quantity in AEM with a HMD source
is the angular component of the magnetic field (Nabighian
1987), which is normalized to the primary field (so it be-
comes dimensionless). The AEM convention is to split the
dimensionless magnetic field into its real and imaginary com-
ponent (typically denoted R and Q, respectively). If no con-
duction in the subsurface takes place, there is no secondary
magnetic field, so the resulting magnetic field is equal to the
primary field, which means R = 1 and Q = 0. If conduc-
tion is present, R will be larger than 1 and Q larger than
0. In order to keep R and Q at similar values, 1 is sub-
tracted from the component R, so when plotted, both R and O
are >0.
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(a) mudstone Lough Avaghon formation (sample pair LA-39)
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(d) black shale Kehernaghkilly formation (sample pair KY-71)
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Figure 3 SIP spectra of oriented pairs of plugs and crushed material for the two mudstone formations (a and b) and the black shale at two
different depths (c and d).

RESULTS

Frequency-dependent complex conductivity

Figure 3 shows both the real and imaginary part of the con-
ductivity as well as the phase shift for two pairs of mud-
stone (OL-09 and LA-39, Figs 3a,b, respectively) and black
shale (KY-71 and KY-35, Figs 3c,d, respectively) samples.

Where available, the data for the corresponding crushed sam-
ple are also shown.

The mudstones are characterized by an almost frequency-
independent real conductivity and comparatively small imag-
inary parts (1075 to 10~* S/m). Due to the absence of semi-
conductive material or organic carbon (see Table 1), which
could cause electrode polarization, this reversely indicates
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polarization effects dominated by diffusion-related polariza-
tion (e.g. electrochemical and membrane polarization). Sam-
ples from both mudstone formations show similar electrical
properties in both magnitude and frequency dynamics. Dif-
ferences observed in the real part of conductivity probably
originate from porosity (cf. equation (3) and Fig. 4c), which
seems to be moderately depth dependent (Fig. 4a). The cor-
relation between o, and @ is partly masked by anisotropy
effects (see the following subsection). The Debye decompo-
sition vyields total chargeabilities between 0.1 and 0.25 and
mean relaxation times between 3 x 103 and 10~! second,
reflecting the moderate polarization strength and frequency
dynamics.

The o’ of the crushed material is much higher than that
of the plugs due to the increased porosity of the crushed and
saturated rock material. However, the imaginary conductivity
is comparable to the one of the plugs above 10~! Hz, which
indicates that the polarization in the high-frequency range
is not significantly linked to the texture (shape, alignment,
distribution) of the mineral components, which is destroyed
during crushing.

The black shale samples show very strong low-frequency
polarization indicated by pronounced peaks in the imaginary
part around 1 Hz and phase shifts with a magnitude of 500
mrad and more at frequencies below 0.1 Hz (Figs 3c,d). This
corresponds to a strong increase of the real conductivity to-
wards higher frequencies. The general polarization behaviour
resembles the Cole—Cole type of polarization (cf. equation (4))
and is typical for graphite-bearing rocks (see Pelton et al.
1978; Borner et al. 2018). The pyrite can be ruled out as main
source of the spectral induced polarization (SIP) response,
since it develops polarization features with shorter relaxation
times (<10 seconds; see, e.g., Pelton et al. 1978). It would fur-
ther be expected to show a maximum phase shift around one
order of magnitude lower than observed in this study (see, e.g.,
Hupfer et al. 2015). We therefore consider the pyrite polar-
ization component to be masked by the graphite contribution.
The black shale stands out from the mudstone formations with
chargeabilities between 0.66 and 0.995 and mean relaxation
times between 5 x 10! and 103.

When the black shale is crushed, that is the texture
is destroyed and the largest coherent grain size is reduced
to the particle size of the crushed material (<63 pm), the
low-frequency polarization feature disappears completely (see
imaginary conductivity and phase shift in Fig. 3d). This man-
ifests itself in the form of a drop in imaginary conductivity by
more than two orders of magnitude at 1 Hz, and — at high
frequencies — an unchanged real-part conductivity. We can
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Figure 4 Porosity ® and DC conductivity o, versus depth and cor-
relation between porosity and DC conductivity for all plugs (DC
conductivity oy was obtained by Debye decomposition). Connecting
lines mark sample pairs.

conclude from this behaviour that the graphite polarization
is texture controlled and attributed to rock components with
an effective length scale larger than the particle size of the
crushed material.
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Anisotropic complex conductivity of the Moffat Shale 683

Table 3 Mean dip angle 6 and semiaxes (index “|I” and “_L”, respectively) as well as anisotropy values A of the Debye decomposition parameters
calculated from the measurements on oriented sample pairs (see equations (5) and (11) as well as Figs 5 and C1)

Anisotropic Debye decomposition parameter

. o (S/m) “m 7 (seconds)

Sample pair

(v/h) dip 6 (°) o0, 00,1 o > m), > m), A 7 7, Az
LA-39 11.8 £ 3 2.50E-03 5.00E—04 2.24 1.40E—01 1.73E-01 0.90 1.13E-02 3.70E-03 1.75
OL-09 7.5 £ 1.5 1.19E-02 1.70E-03 2.65 1.72E-01 1.19E-01 1.20 2.38E-01 1.90E-02  3.54
OL-18 9+ 1.5 1.12E-02 1.90E-03  2.43 1.70E-01 1.39E-01 1.11 6.46E—01 6.05E-02  3.27
KY-50 21 £ 1.5 6.00E—-03 5.00E-03 1.10 9.95E-01 9.95E-01 1.00 9.27E+02 5.94E+402 1.25
KY-55 14.6 + 2 8.20E—-03 2.70E-03 1.74  9.93E-01 9.88E-01 1.00 1.24E+03  2.75E+02  2.12
KY-59 63.5 £ 2 6.20E-03  4.40E-03 1.19 9.87E—-01 9.92E-01 1.00 2.33E+02 8.21E+02  0.53
KY-61 20.5 £ 3 2.30E-03  2.30E-03 1.00 9.37E—-01 9.63E—-01 0.99 3.06E4+02  7.09E4+02  0.66
KY-69 29.7 £2.5  2.70E-03 1.80E—03 1.22  9.95E-01 9.95E-01 1.00 7.41E+03 5.62E4+03 1.15
KY-71 12+£5 1.30E-03 1.20E-03 1.04  9.92E-01 9.67E-01 1.01 8.55E+02  7.74E+02 1.05

Anisotropy of spectral induced polarization parameters

An inspection of the raw data (Fig. 3) already shows a signif-
icant impact of the drilling direction on o*. Since they com-
pletely characterize the SIP response and intrinsically describe
the frequency dependence of conductivity, we base our evalua-
tion of anisotropy on the Debye decomposition parameters oy,
> m and 7. The fundamentals of anisotropy (equations (7)-
(11)) hold also for oy, > m and 7. Generally, the DC con-
ductivity is larger and the mean relaxation time is longer for
horizontally drilled samples. Total chargeability shows incon-
clusive tendencies. This is the case for all three formations (see
Table 2).

To allow comparison with data from other rock for-
mations, we must take into account that the drilling direc-
tion does not necessarily coincide with the foliation direction
(see Fig. A1). Therefore, we measured the mean foliation dip
angle with a protractor for the vertically drilled plugs. These
dip angles were then assigned to the associated sample pairs
(Table 3).

Based on a visual inspection of the plugs, we assume an
electrical anisotropy in the sense of a tilted transverse isotropic
(TTI) medium (see equations (7)—(11)). The horizontal plugs
can be considered as being drilled approximately perpendic-
ular to the axis of foliation rotation. Therefore, the principle
directions of the physical properties (i.e. parallel and perpen-
dicular to the foliation) as well as the anisotropy values A may
be computed based on the general equation for a centered el-
lipse, which is rotated about the origin of coordinates by the

dip angle 0 (see also Fig. C1 for a graphical representation):

- 2 - 2
(y sinf + x cos@) +<y cosf — x sm@) 1. (12)
By P,

Here P and P, denote the physical properties parallel
and perpendicular to the foliation (see also equation (11)),
respectively (i.e. the semiaxes of the ellipse). Every coordinate
(x,y) fulfilling the equation is a member of the ellipse contour.
Each sample pair represents two coordinates on the common
anisotropy ellipse: (P,, 0) and (0, P,), where P, and P, de-
note the physical properties of the plugs drilled horizontally
and vertically, respectively (see Fig. C1). We therefore get two
representations of equation (12) for one sample pair. Solving
the resulting system of two equations yields P, and P, . Nat-
urally, this data-processing approach only yields meaningful
results, if the assumptions regarding directions and anisotropy
type are sufficiently fulfilled.

The anisotropy ellipses for the DC conductivity o, the
mean relaxation time 7 and the total chargeability > are
shown for all pairs versus depth in Fig. 5. A central line
for each ellipse indicates the direction of foliation. For to-
tal chargeability, we plot the deviation of Y m from 1 (i.e.
(1 =Y m)). This emphasizes the ) m differences between
the black shale samples, which possess a ) m larger than
0.93 (see Table 3). These small differences describe a sig-
nificant variation in the SIP responses, as evidenced by the
evaluation of the asymptotic behaviour of equation (4) for
m— 1.

All mudstone pairs show a strongly pronounced
anisotropy of DC conductivity (indicated already in the raw
data by the frequency-independent conductivity shift between
vertical and horizontal samples; Figs 3a,b). A A between 2.24
and 2.63 is found. The anisotropy of 7 is even more pro-
nounced with a maximum A; of 3.54. The anisotropic be-
haviour of the black shale formation is similar. ¢, and

show larger values parallel to the foliation than perpendicular
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Figure 5 Normalized anisotropy ellipses of Debye decomposition pa-
rameters o, T, and T computed after equation (12) versus sampling
depth (Table 3). Note that for total chargeability the anisotropy of
(1 — Zm) is plotted to visualize the small variations in T close to
1, which have significant influence on o* (see equation (4)). A line
for each ellipse indicates the direction of foliation. Colors denote for-
mation: yellow, mudstone (OL, samples from GSI 14-05); orange,
mudstone (LA, samples from GSI 14-113); blue, black shale (KY,
samples from GSI 14-05).

thereto, although the degree of anisotropy is less (i.e. smaller
A values). Similarly, total chargeability is larger parallel to
the foliation for most black shale pairs. Variations and devia-
tions from the general formation behaviour can be caused by
large, single pyrite inclusions or a highly local folding within
the plug. In this case, the assumptions of a TTI medium are
significantly violated and the applied approach is not valid

anymore.

DISCUSSION

Anisotropy mechanisms and complex conductivity
classification

The anisotropy found in the presented dataset can be related
to two mechanisms. Firstly, the mudstone formations possess
enlarged o, and T parallel to the foliation, which is in ac-
cordance with earlier considerations regarding the effect of
tortuosity on electrical conductivity (e.g. Kozeny 1927; Pape,
Riepe and Schopper 1982; Revil et al. 2013; Miiller-Huber,
Schon and Bérner 2015). Pore space and consequently cur-
rent flow channels deform during compaction, which leads to
a decreased tortuosity parallel to the foliation that enhances
an efficient current flow (e.g. Revil et al. 2013). The same ef-
fect results in larger diffusion lengths longitudinal to the rock
lamination and consequently longer mean relaxation times.

On the other hand, the black shale shows an anisotropy
with enlarged o, and T parallel to the foliation too, but it
is less pronounced. At the same time, polarization is much
stronger than in the mudstones. We relate this to the graphite
in the samples, which is known to form plate-like textures
aligning during formation and compaction (e.g. Borner et al.
2018). In this case, the elongated polarizable component
causes an increased T parallel to the foliation. The diffusion
length scale of the graphite particles is not necessarily the same
as that of the tortuous pore space. Furthermore, most sam-
ples contain varying amounts of nearly spherical pyrite inclu-
sions. Both effects together can explain the reduced anisotropy
strength in the black shale formation.

Our findings regarding o, and T of the black shale
are in good agreement with other studies (Fig. 6). Borner
et al. (2018) investigated the complex electrical conductiv-
ity of a metamorphic black schist and found the polariza-
tion component dedicated to graphite to be characterized
by very high chargeabilities (m = 0.997) and long relaxation
times (r = 3 x 10* second). Also the reduced relaxation time
perpendicular to the foliation has been found in that study.
The similarities regarding the electrical appearance of graphite
are remarkable since the two rocks are very different with re-
spect to their geological history. The ¢ from this study tends
to be smaller by approximately one order of magnitude, which
is a manifestation of the pyrite content (cf. smaller relaxation
times of sulfide deposits in Fig. 6; see also Hupfer ez al. 2015).
A strong variation in chargeability of the crushed sample be-
tween black shale and schist is likely related to the varying
graphite content (cf. Table 1). Earlier results from Pelton ez al.
(1978) also found graphite deposits to be associated with high
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Figure 6 Black shale anisotropy compared to other studies in the 7-m
plane (data from Table 3; crushed material data from Table 2).

chargeabilities and relaxation times, which are clearly distin-
guishable from, for example pyritic (sulfide) deposits. The in-
vestigated mudstones can clearly be classified as carbon free in
the T—m plane due to their low chargeability and mean relax-
ation time, which was confirmed by the geochemical analyses

(cf. Table 1).

Implications for airborne electromagnetic

For the 1D forward modelling study the airborne electromag-
netic (AEM) response (represented as R and Q) was calculated
for several conductivity scenarios and for a wide range of fre-
quencies (10° Hz to 10® Hz). The AEM data consequently

Anisotropic complex conductivity of the Moffat Shale 685

appear as spectra, which bear some similarity to the spectral
induced polarization (SIP) spectra (Fig. 7). However, the com-
plex and frequency-dependent nature of the AEM response is
the result of electromagnetic induction and conduction in gen-
eral and not necessarily a manifestation of polarization in the
SIP sense.

At first, the manifestation of a frequency-dependent com-
plex half-space conductivity on the AEM response is demon-
strated (Fig. 7a). Two half-spaces with conductivities fol-
lowing a Cole-Cole polarization (equation (4)) with varying
relaxation times were calculated (blue and red lines). All other
Cole-Cole parameters are constant (o, = 0.002 S/m, m =
0.99, ¢ = 0.45). For comparison, two half-space models with
real-valued, scalar conductivity that use the absolute value of
the complex-valued Cole-Cole conductivity, evaluated at a
typical AEM measuring frequency of 12 kHz, are shown (red
and blue circles). The computations show that for the long ©
the Cole—Cole half-space (red, solid line) produces almost the
same response as the associated real-valued half-space (red cir-
cles). The polarization effects occur in a low-frequency range,
where no induction takes place given the AEM setup. There-
fore, no interference of the two effects takes place. It cannot
be derived from the AEM data, whether they are exclusively
influenced by electrolytic (and therefore real-valued) conduc-
tion, or if polarization effects play a major role. This might
lead to ambiguities in the geological implications of those
data. Performing the AEM measurements at various frequen-
cies does not solve this problem at all, since the effect is similar
for all AEM typical frequencies.

The model with t = 0.1s (blue line) shows a completely
different behaviour. The induction in the subsurface takes
places at the same frequencies at which polarization occurs,
so that both effects interfere with each other. The Cole-Cole
model (blue line) produces a steep slope in R and a high
peak in Q that cannot be explained by the corresponding
real-valued half-space (blue circles). The two extreme cases
shown in Fig. 7(a) demonstrate that it depends on the re-
laxation time of the material whether AEM can differentiate
between polarization and simple conduction.

In a second step, we now look at the situation of the in-
vestigated Moffat Shale. Figure 7(b) shows the AEM response
of a two-layer half-space (green, solid line), which represents
the situation at the investigated borehole GSI-14-05 in a sim-
plified manner. A 30-m thick mudstone layer (approximated
by |o*| = 0.002S/m and ¢ = 30 mrad, both frequency inde-
pendent) covers a half-space consisting of black shale (Cole-
Cole parameterization with o, = 0.002 S/m, m=0.99, t =
10° seconds, ¢ = 0.45). The layered model (green line) can
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Figure 7 (a) Synthetic AEM data for complex-valued and real-valued homogeneous half-spaces; (b) synthetic AEM data for two homogeneous
half-spaces and the two-layer case representing the situation in the study area. The AEM measuring frequencies are indicated by the black

dashed lines (see the text for details).

clearly be interpreted as a combination of the two half-spaces
(blue and orange dashed lines). This is possible, since in this
case the requirements of an increase in conductivity with in-
creasing depth as well as a conveniently located layer bound-
ary (within the depth of investigation of AEM) are fulfilled.
The three models are therefore clearly distinguishable by their
AEM response for the frequencies used during the Tellus AEM
surveys (vertical dashed lines). Strong responses in R are very
likely to be related to a subsurface consisting of black shale,
whereas weak responses should be dedicated to mudstones.
Intermediate values between those two extremes could be in-
terpreted as a black shale half-space that is overlain by a thin
(in the order of a few tens of meters) mudstone layer. How-
ever, no information about the polarization behaviour can be
derived from AEM measurements without the a priori infor-

mation from laboratory experiments.

CONCLUSIONS

We carried out a laboratory study aiming to petrophysically
characterize the Moffat Shale Group using material from two
boreholes. The investigations included density and porosity
as well as spectral induced polarization (SIP) measurements

on 23 oriented samples in the frequency range from 10~ to
10° Hz.

The sample material can be categorized into two
groups. The carbon-free mudstone formations show weakly
frequency-dependent, porosity-driven electrical conductivities
with strong anisotropy. It can be explained by the deforma-
tion of pore channels by compaction and is in accordance
with findings from other studies. On the other hand, the
carbonaceous and pyritic black shale is characterized by mod-
erately anisotropic but strong polarization effects producing
high phase shifts especially at low frequencies, and a strong
conductivity increase towards higher frequencies. Comple-
mentary SIP measurements and geochemical analyses on the
crushed material lead to the conclusion that polarization is
controlled by the texture and volume fraction of polarizable
components.

The SIP data have been processed using a Debye decom-
position approach. The complex electrical anisotropy was de-
termined by utilizing the foliation dip angle and assuming
tilted transverse isotropic conditions. The anisotropic charac-
teristic decomposition parameters could then be used to show
that our findings correspond well to other carbonaceous for-
mations. Laboratory investigations on plugs from multiple
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directions would allow for the reconstruction of the conduc-
tivity tensor without assuming an anisotropy regime and could
help to better understand the interplay of the anisotropic De-
bye decomposition parameters and therefore enhance our un-
derstanding of the anisotropic complex conductivity.
One-dimensional simulations of airborne electromag-
netic (AEM) data demonstrated that strongly polarizable
rocks may only be distinguished in AEM when the polar-
ization takes place in the sensitive frequency range (Q > 0).
Rocks with low-frequency polarization such as the black shale
appear as highly conductive in AEM. Revealing that the cause
of high conductivity is polarization requires additional infor-
mation such as laboratory measurements or other a priori

information.
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APPENDIX A: FORMATIONS
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Figure A1 Photographs of selected plugs from all three formations.
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APPENDIX B: SCHEME OF MEASURING CELL

Figure B1 Scheme of modular measuring 60 B0
cell (cross section). The current flow is
maintained by the net electrodes C1 and
C2 (red), the voltage is measured at P1 . — - —
and P2 (green), which are placed in slots
at the ends of the sample. The interior is
filled with NaCl solution (blue). All sizes

are given in millimetres.

Saturating
solution

Saturating
solution

an

APPENDIX C: ANISOTROPY ELLIPSE DETERMINATION

Py

horizontal

drilling direction

Figure C1 Notation for the anisotropy ellipses. P and P, denote the physical properties parallel and perpendicular to the foliation, respectively.
P, and P, denote the measured physical properties of the plugs drilled horizontally and vertically, respectively. The angle 6 is the dip.
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