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Doctor of Philosophy
GEOPHYSICAL ANALYSIS OF MARINE GAS HYDRATE STRUCTURES

by Eric Attias
Gas hydrate deposits are known to store vast amounts of methane, and occur
worldwide in marine and permafrost regions. Methane emissions driven by hydrate
dissociation may contribute to submarine slope failures, geohazards to deep water
infrastructures, and possibly climate change. Alternatively, hydrates are perceived
as a viable energy resource. These environmental and economic implications mean
that gas hydrate research is of both academic and industrial interest. To determine the environmental impact or economic potential of gas hydrate accumulations
in any given geologic setting with a high level of confidence, it is mandatory to
acquire lithological and geophysical information for a well-constrained joint interpretation. Robust delineation and quantification of gas hydrate structures is not
a trivial task, due to inherent uncertainties from the absence of information regarding the physical properties of the reservoir of interest. In this thesis, I develop
a rigorous joint interpretation scheme using marine controlled-source electromagnetic (CSEM), seismic and core data coupled by effective medium modelling, for
the detection, delineation, and quantification of marine gas hydrate structures.
The study area for this research is the CNE03 pockmark, situated on the Norwegian continental slope, Nyegga region, offshore Norway. The CNE03 pockmark
is underlain by a pipe-like structure, where gas hydrate and free gas coexist. Marine CSEM data and sediment cores were acquired from the CNE03 pockmark,
integrated and interpreted with collocated high-resolution two-dimensional seismic
reflection and three-dimensional tomographic seismic data. The CNE03 pipe-like
hydrate structure is detected and characterised using unconstrained and seismically constrained CSEM inversions of data obtained by ocean bottom electric field

xii
receivers (OBE). The unconstrained CSEM inversions detected the CNE03 pipelike structure satisfactorily though with undefined and diffusive margins, which is
mitigated by the seismically constrained inversions that improved the delineation
of the CNE03 boundaries significantly. High-resolution resistivity imaging of the
CNE03 pipe-like structure is achieved by a combined CSEM inversion of both the
OBE and 3-axis towed electric field receiver (Vulcan) data. Robust quantification
of hydrate content within the CNE03 structure is derived by comparison between
CSEM and seismic datasets with joint elastic-electrical effective medium modelling
scheme.
The work I present in this thesis provides an integrated approach to elucidate
both structural and fluid properties of sub-seafloor gas hydrate and free gas deposits. The joint interpretation framework applied here could also be utilised to
map and monitor seafloor mineralisation, freshwater reservoirs, carbon capture and
storage sites, and near-surface geothermal systems.
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Geophysical methods such as seismic, gravity, and electromagnetic techniques are
commonly used to characterise structures of the Earth. Advanced geoscience research often integrates several geophysical methods to elucidate a geologic structure adequately. An example of an exploration target that requires an integrative
approach is marine gas hydrate deposits, which are situated worldwide along continental margins and in permafrost regions (Kvenvolden et al., 1993; Archer , 2007;
Boswell and Collett, 2011).

1.1

Motivation

Over the last decade, the study of marine hydrates has attracted broad interest
from industry, government, and academic organisations, due to their numerous
environmental and economic implications. The importance of mapping and evaluating gas hydrate structures globally arises from the notion that hydrates are
1
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most likely related to three major and contemporary research topics: (i) hydrates
may pose a risk to deep water exploration by their possible contribution to submarine slope failure (McConnell et al., 2012; Mienert et al., 2005; Collett and Boswell ,
2012; Li et al., 2016); (ii) they can be used as a viable energy resource (e.g., Collett
et al., 2009; Boswell et al., 2014; Yamamoto et al., 2014); and (iii) they could exasperate climate change via methane emissions into the atmosphere (Archer et al.,
2009; Ruppel , 2011; Nisbet et al., 2013; Marı́n-Moreno et al., 2015).

1.2

Gas Hydrates

Gas hydrates are ice–like crystalline solid nonstoichiometric compounds in which
gas is encompassed by water molecules (e.g., Kvenvolden et al., 1993; Sloan and
Koh, 2007). Natural gas hydrate reservoirs are found in marine sediments and
permafrost regions (Dallimore and Collett, 1995; Kvenvolden, 1998; Archer , 2007;
Boswell et al., 2015; Ruppel and Kessler , 2016; Sherman et al., 2017). Hydrate
form where a biogenic or thermogenic gas source is available, and remain thermodynamically stable at high-pressure and low-temperature conditions (Kvenvolden
et al., 1993; Sloan and Koh, 2007; Pinero et al., 2013). The occurrence of hydrates
can be found in both terrestrial and marine environments. The work described in
this thesis focus solely on marine gas hydrate. Marine hydrates primarily accumulate in the region between the base of the gas hydrate stability zone (BGHSZ) and
the seafloor, referred to as the gas hydrate stability zone (GHSZ) (Singh et al.,
1993; Hornbach et al., 2004; Haacke et al., 2008). GHSZs are commonly located
in regions where the water depth ranges from 400 to 4500 m (temperature dependent), between 135 and 1000 metres below seafloor (mbsf), depending on the
geothermal gradient that varies according to the geologic setting (Kvenvolden,
1988, 1993). Observation of gas escape from marine craters, pockmarks, chimneys,
and pipe-like structures, are commonly associated with the occurrence of gas hydrates worldwide (e.g., Westbrook et al., 2009; Hustoft et al., 2009a; Smith et al.,
2014; Andreassen et al., 2017).
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Gas Hydrate Structures

Gas hydrates are generally divided into three types of structures: structure I (sI),
structure II (sII), and structure H (sH). Structure sI (mainly contains molecules of
methane) is the dominant form of hydrate in nature, even though sII and sH are
more stable structures (Kvenvolden, 2003; Sloan and Koh, 2007). The sI structure
contains pentagonal dodecahedrons and tetrakaidecahedrons, sII consists of pentagonal dodecahedrons and hexadecahedrons, whereas the sH structure accommodates small and large guest molecules (e.g., Buffett, 2000). The crystal structures
of hydrates are associated with their formation. For example, the sI structure has
a cubic shape that contains small hydrocarbon molecules such as methane, ethane
and carbon dioxide or hydrogen sulphide (e.g., Sloan, 1998; Kvenvolden, 1995).

1.2.2

Gas Hydrate Formations

The physical properties of hydrate-bearing sediments depend on the spatial distribution of gas hydrate. There are three main habits for hydrate formation:
1. Pore-filling — hydrate within the pore space (Figure 1.1a), primarily affecting the pore fluid bulk stiffness and conduction properties, but not the
shear stiffness that is controlled by the effective stress (Helgerud et al., 1999;
Waite et al., 2009).
2. Load-bearing — hydrate that links between adjacent grains (Figure 1.1b),
increases the shear stiffness but decreases the effective stress as hydrate saturation increases (Helgerud et al., 1999; Dvorkin et al., 1999).
3. Cementation — hydrate cements intergranular contacts (Figure 1.1c),
whereas the bonding adjacent grains control the skeletal stiffness via effective
stress (e.g., Guerin et al., 1999; Dvorkin et al., 1999, 2000).

Hydrate nucleation and growth processes control which hydrate formation occurs.
Pore-filling hydrate naturally transforms to load-bearing hydrate, when the hydrate
saturation exceeds 25%–40% (e.g., Berge et al., 1999; Yun et al., 2005).
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Figure 1.1: Types of gas hydrate formations within hydrate-bearing sediments. (a)
Pore-filling, (b) Load-bearing, and (c) Cementation. Figure modified from Jiang
et al. (2014).
Gas hydrate dissolution moderately increases the net volume of the clathratebearing formation (Lu et al., 2008; Sultan et al., 2004; Sloan and Koh, 2007),
whereas dissociation releases methane that results in much larger volume increase,
up to 26 times greater (e.g., Xu and Germanovich, 2006; Kwon et al., 2008). Temperature, pressure, salinity, capillary pressure, and pore size are the main factors
that dictate the solubility of methane in water, which usually increases with depth
(e.g., Subramanian and Sloan, 2002; Servio and Englezos, 2002; Nimblett and Ruppel , 2003; Davie et al., 2004; Sloan and Koh, 2007).

1.3

Latest Gas Hydrate Research:

A Global

Overview
Most recently, marine gas hydrate studies have been conducted at continental
margins worldwide using state-of-the-art geophysical instruments and methodologies, aiming to characterise hydrate reservoirs adequately. These studies employ
methods such as; multi-dimensional reservoir simulations (Nole et al., 2017), welllog semi-quantitive analysis (Majumdar et al., 2017), pressure-core geomechanical
analysis (Yoneda et al., 2017), high-resolution 2-D and 3-D seismic imaging (e.g.,
Wang et al., 2016; Singhroha et al., 2016; Haines et al., 2017; Burwicz et al., 2017),
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and amplitude versus offset (AVO) seismic inversion (Wang and Pan, 2017).
The key findings of these studies are listed as follows:
i. Nole et al. (2017) performed data reservoir simulations in 1, 2 and 3-D, using
the physical and geometrical properties of a sand layer from the Terrebonne
Basin gas hydrate system in the Gulf of Mexico. These simulations demonstrated that diffusion of dissolved methane in marine hydrate systems might
lead to high hydrate saturations at shallow depths within the GHSZ.
ii. Majumdar et al. (2017) used well-log data (from 798 wells) together with
petroleum industry data from 788 wells, both obtained from the northern Gulf
of Mexico, aiming to explore the potential gas hydrate accumulations in this
region. The well-log analysis included well surface location, depth intervals
and resistivity, and found consistent evidence for gas hydrate occurrences in
124 well locations, providing a wide perspective on the spatial distribution of
hydrates in the Gulf of Mexico.
iii. The strength, compressibility, and permeability of a gas hydrate deposit located in the eastern Nankai Trough were characterised by compression, loading/unloading, and permeability tests performed on a series of clayey silt sediments pressure-cores, using a triaxial testing apparatus that simulates in-situ
conditions (Yoneda et al., 2017). These tests indicate the presence of patchy
pore-filling gas hydrate, which reduced the sediment’s permeability by three
orders of magnitudes.
iv. Wang et al. (2016) applied a constrained sparse spike inversion to 3-D seismic
reflection data acquired from the Pearl River Mouth Basin in the South China
Sea, to create acoustic impedance images of the hydrate-bearing sediments.
The BGHSZ was calculated from a model using the inverted VP and subsurface temperature data. High-amplitude reflections above the BGHSZ were
interpreted as elevated saturations of gas hydrate, whereas reflections below
the BGHSZ indicated the presence of free gas. The Wang et al. (2016) study
concludes that the gas hydrate system varies substantially across the Pearl
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River Mouth Basin (Wang et al., 2016). The AVO seismic inversion method
applied to data obtained from Shenhu Area, South China Sea, suggest the
coexistence of free gas and hydrates in the upper and lower layers of the seismic bottom simulating reflector (BSR) (e.g., Shipley et al., 1979) in this area
(Wang and Pan, 2017).
v. Singhroha et al. (2016) performed a seismic attenuation analysis to broad bandwidth (20–300 Hz) P-cable 3-D seismic data, obtained from Vestnesa Ridge
(Svalbard continental margin) gas hydrate and free-gas-bearing sediments.
Singhroha et al.’s (2016) findings suggest that high and spatially restricted
attenuation anomalies above the BSR are associated with the existence of gas
hydrate, supported by the low attenuation values observed below the BSR.
vi. Interpretation of high-resolution 2-D and 3-D seismic data acquired from the
Green Canyon area (GC955) in the Gulf of Mexico, was applied to improve
the structural and stratigraphic evolution of this region (Haines et al., 2017).
Structural deformation was associated with salt-driven uplift, enabling the
upward migration of gas via complex fault network, which controls the fluidflow pathways between the main free gas/hydrate reservoirs and the seafloor
(Haines et al., 2017). 3-D basin-scale reconstruction modelling performed to
GC955 by Burwicz et al. (2017), predicts gas hydrate saturations of >80%
in this area, thus, indicating that the Green Canyon area may accommodate
∼3256 metric tonnes (Mt) of gas hydrate, that is equivalent to ∼340 Mt of
carbon (Burwicz et al., 2017).
vii. An analysis of results obtained from 21 drilling expeditions (52 sites) performed
in gas hydrate sites worldwide (i.e. Blake Ridge, Borneo, Chile, Costa Rica,
Gulf of Mexico, India, Japan, Korea, off Cascadia, Peru, and South China Sea),
suggest a nearly linear relationship between the depth from the top of the gas
hydrate occurrence and the BGHSZ. This correlation most probably related to
the dependency of methane solubility in pressure and temperature (Riedel and
Collett, 2017). The relationship developed by Riedel and Collett (2017) can
help in predicting the upper boundary of gas hydrate deposits in other regions.
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All of the studies described above mostly rely on seismic methods to characterise marine hydrates. However, analysis based on seismic data alone cannot
quantify gas provinces adequately due to the low sensitivity of seismic velocity
to changes in gas saturations (e.g., Constable, 2010; Alvarez et al., 2017a,b). In
contrast, electromagnetic (EM) geophysical methods are sensitive to alterations in
pore fluid properties, and thus, are favourable for estimating hydrate saturations.
Further information regarding the seismic and EM methods for marine gas hydrate
characterisation is provided in Chapters 2 and 3.

1.3.1

Integrative Approaches

Integrative new approaches to delineate and quantify marine gas hydrate use
seismic with sedimentological and geotechnical data (Riboulot et al., 2016), fullwaveform inversion and rock physics modelling (Jaiswal , 2016), geostatistical analysis of well-log and 3-D seismic data (Tamaki et al., 2016), controlled-source electromagnetic (CSEM) and high-resolution 2-D seismic reflection data (e.g., Attias
et al., 2016; Goswami et al., 2017; Schwalenberg et al., 2017), and seismic reflection
data supported by petroleum modelling (Kroeger et al., 2017).
At the Eastern Niger submarine delta, based on the interpretation of highresolution seismic data, sedimentological analyses and geotechnical measurements
in conjunction with numerical modelling, Riboulot et al. (2016) proposed a novel
mechanism that links the initial formation and distribution of sub-seafloor hydrates
with pockmarks seafloor deformation.
2-D seismic data, well-logs measurements, and a rock physics model were used in
an integrative framework for the quantification of hydrates in the Krishna-Godavari
Basin, offshore eastern Indian coast (Jaiswal , 2016). This integrative framework
yielded a hydrate saturation estimate that is consistent with core depressurisation
studies at collocated sites (NGHP-01-10 and NGHP-01-13) (Collett et al., 2014),
hence, demonstrated the effectiveness of employing a joint interpretation approach.
A geostatistical approach that integrates 3-D seismic and well-log data was
implemented to assess the heterogeneity and constrain the uncertainty of gas hydrate reservoir, at a gas production test site in the eastern Nankai Trough (Tamaki
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et al., 2016). For this purpose, Tamaki et al. (2016) applied a sequential Gaussian
simulation using inversion-derived seismic impedance data in conjunction with the
well-log data, to evaluate the spatial distribution of gas hydrate at this site. This
integrated modelling approach was able to predict the distribution of gas hydrate
adequately.
Kroeger et al. (2017) observed amplitude and reverse polarity anomalies in
industry standard seismic reflection data, acquired from the Taranaki Basin
petroleum province, located in New Zealand’s NW shelf margin. These anomalies
were interpreted as discontinuous BSRs and gas pockets, which are linked to
shallow gas accumulations.

Additionally, modelling predictions suggest the

presence of gas hydrate seaward of the Taranaki Basin shelf margin, which might
have important implications for slope stability assessments, drilling operations,
and petroleum exploration (Kroeger et al., 2017).
In relation to the studies above, the core of this thesis (Chapters 5, 6 and 7)
offers an additional integrative approach to characterise marine gas hydrate (in the
Nyegga region, offshore Norway), as derived from the analysis of seismic, CSEM,
and sediment cores data, coupled by a joint elastic-electrical effective medium
modelling.

1.4

Geologic Setting

The Nyegga region is situated at 64◦ N, 5◦ E, extending 200 km2 from south to north
along the Norwegian continental margin, in water depths of 700–800 m (Hovland
et al., 2005) with a seabed slope of 1◦ (Figure 1.2). The Nyegga gas hydrate
strata system includes two sedimentary formations: the Miocene / Early Pliocene
Kai Formation and the Plio / Pleistocene Naust Formation (Dalland et al., 1988;
Eidvin et al., 1998). The Kai Formation presents a polygonal fault system (Hustoft
et al., 2007), characterised by fine grained hemipelagic oozes with small pore size
and low water content that may prevent gas hydrate accumulations from occurring
(Bünz et al., 2003).
The Naust Formation (Hustoft et al., 2007) is characterised by strong changes
in lithology that originated from glacial–interglacial cycles of debris flow deposits
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and hemipelagic sediments (Bünz et al., 2003). During the development of the
Naust Formation (∼ 2.8 Ma), sediment progradation from the shelf toward the
continental slope extensively increased the sedimentation rate at Nyegga when
compared with the Eocene–Pliocene periods (Eidvin et al., 2000; Rise et al., 2005,
2006).

1.4.1

Nyegga Pockmark Field

Understanding large-scale fluid flow systems is important since carbon flux to the
ocean can be significant (>2000 Gt over few thousand years) relative to the total
carbon content of the ocean ∼39,000 Gt (Heimann, 2013). Investigating natural
fluid flow networks of deep sedimentary basins may elucidate the geological processes occurring deep within the Earth, in regions such as subduction zones or on
passive margins.
Many hydrate provinces such as the Nyegga pockmark field are characterised
by gas seeps via seafloor pockmarks, resulting from methane migration through
fluid flow systems which are intrinsically linked via faults and fractures. Hence,
the Nyegga region is an ideal site to study fluid flow systems due to the following
reasons:
1. Nyegga is characterised by an extensive polygonal fault and fracture system
(Bünz et al., 2003; Hustoft et al., 2007).
2. The region encompasses a large pockmark field (Bouriak et al., 2000; Bünz
et al., 2003; Hovland et al., 2005; Hovland and Svensen, 2006; Hustoft et al.,
2010), where each pockmark acts as a habitat for faunal communities (Hovland and Svensen, 2006; Paull et al., 2008; Ivanov et al., 2010), indicative to
the seepage of gas and therefore the possible existence of sub-seafloor fluid
flow networks.
3. The fluid flow structures beneath the Nyegga pockmarks are estimated to
contain a mean value of 710 GSm3 (GSm3 = 109 standard cubic metres;
equivalent to 15 million barrels of oil) of gas hydrates (Senger et al., 2010).
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4. Studying the Nyegga gas hydrate system may offer additional information
which might reveal the involvement of methane expulsion in triggering
massive submarine landslides (Paull et al., 2008), such as the Storegga Slide
(e.g., Bugge et al., 1988; Hjelstuen et al., 2005), located only ∼6.4 km SW
to Nyegga.
5. The pre-existance of high-resolution 2-D seismic reflection data (Westbrook
et al., 2008b) and 3-D tomographic seismic data (Plaza-Faverola et al.,
2010a), which are collocated with the newly acquired CSEM data in this
study. The datasets obtained by these methods can help in explaining the
internal architecture and physical properties of the Nyegga region.
These are some of the main reasons which motivated researchers to study the
Nyegga pockmark field over the years. By employing both seismic and CSEM
methods, this thesis describes the structural and fluid properties of the CNE03
pockmark, a typical and therefore representative pockmark of this region (further
details in section 1.5, and Chapters 5, 6 and 7).
1.4.1.1

Hydrate Occurrence in Nyegga

The occurrence of gas hydrate in the Nyegga region was first inferred from the
observation of a BSR at the northern flank of the Storegga slide (Bugge et al., 1988).
Subsequently, gas hydrate has been inferred in areas adjacent to the Storegga slide,
by seismic methods (e.g., Bouriak et al., 2000; Bünz et al., 2003, 2005; Mienert
et al., 2005). Nyegga’s seafloor pockmarks are often underlain by chimneys or
pipe-like structures that are caused by vertical fluid movement (Bouriak et al.,
2000; Plaza-Faverola et al., 2011).
These chimneys and pipe-like sub-seafloor structures originate at different
depths and connect to the top of the Kai formation (Sejrup et al., 2005; Eidvin et al., 2007) via polygonal faults (Berndt et al., 2003), which link between
deep free gas reservoirs (below the BGHSZ) and the pockmarks or mounds at the
seafloor (Hustoft et al., 2007, 2010; Hjelstuen et al., 2010; Plaza-Faverola et al.,
2012).
Sediment core studies conducted at different sites in the Nyegga pockmark field
have confirmed the presence of shallow gas hydrate (e.g., Akhmetzhanov et al.,
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2008; Ivanov et al., 2010; Vaular et al., 2010). The region is characterised by micro
venting of methane gas (e.g., Nouzé, 2006), and authigenic carbonate precipitation
near the seafloor of mounds and pockmarks (Hovland et al., 2005; Hovland and
Svensen, 2006; Mazzini et al., 2006; Paull et al., 2008).
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Figure 1.2: A map showing the location of the CNE03 pockmark, in the Nyegga
region that is situated on the Norwegian continental slope, north of the Storegga
Slide, bounded by the Vøring plateau and Møre basin. The yellow circle denotes
the location of the Ormen Lange gas field (Solheim et al., 2005), located ∼100 km
SE to Nyegga. Detailed maps of the Nyegga region and the CNE03 pockmark are
presented in chapters 5, 6 and 7.
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Types of Pockmarks

Riboulot et al. (2011) suggested a classification system to distinguish between two
different types of pockmarks, as shown in Figure 1.3.
(a)

(b)
Type 1 pockmarks: Chimney structure

Type 2 pockmarks: Pipe-like structure

BG
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Figure 1.3: An illustration showing the geometrical structures of two types of pockmarks. (a) Type-1 pockmarks: conical decompression with well defined margins
that narrows with depth (Cathles et al., 2010). (b) Type-2 pockmarks: complex
seafloor morphology underlain by irrugular pipe-like structure, possibly governed
by the formation and decomposition of gas hydrate (Sultan et al., 2010). Figure
modified from Riboulot et al. (2016).
Type-1 pockmark: characterised by circular depression at the seafloor that is
linked to a sub-seafloor gas chimney, commonly observed on continental margins.
Type-2 pockmark: features an irregular and distorted depression associated with
the presence of gas hydrate structure (Sultan et al., 2010). The CNE03 pockmark
is classified as a Type-2 pockmark (see section 1.5).

1.5

Study Region: The CNE03 Pockmark

This work focuses on a prominent gas hydrate pipe-like structure known as the
CNE03 pockmark (e.g., Hovland et al., 2005; Westbrook et al., 2008b; PlazaFaverola et al., 2010a; Chen et al., 2011).
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Figure 1.4: Formation of the CNE03 pockmark. Deep gas reservoirs were up lifted
by the regional anticline, enabling the vertical migration of gas via polygonal faults
and fractures to the first gas layer. The gas then propagate upward by fracture
flow into the stability zone where hydrates are formed in veins. Figure modified
from Plaza-Faverola et al. (2010a).
The CNE03 pockmark is situated on the Norwegian continental margin, in the
Nyegga region, north of the Storegga slide between the Vøring and Møre sedi-
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mentary basins (Figure 1.2). Below the CNE03 pockmark, an irregular pipe-like
structure lies (Figure 1.4), where both gas hydrate and free gas coexist (e.g., Westbrook et al., 2008b; Plaza-Faverola et al., 2010a; Chen et al., 2011), with a minor
contribution of shallow authigenic carbonates at near-seafloor sediments (Hovland
et al., 2005; Mazzini et al., 2006). According to the pockmark classification system by Sultan et al. (2010); Riboulot et al. (2011, 2016), the morphology of the
CNE03 pockmark is of Type-2 (Figure 1.3), and thus, primarily controlled by the
formation and dissociation of gas hydrates (Westbrook et al., 2008b; Plaza-Faverola
et al., 2010a).
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Figure 1.5: South to north seismic reflection section of the CNE03 pipe-like structure. Columnar seismic blanking zone (CSBZ) and pull-up reflection are observed
in the centre and the flanks of CNE03, respectively. The seismic reflection data
were acquired by GI-gun source and a seismic streamer with three 25 m long active parts, carrying 37 hydrophones. Note that the depth is from the sea-surface.
White dashed lines denote the base of the gas hydrate stability zone (BGHSZ).
Figure modified from Westbrook et al. (2008b).
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The Helland–Hansen arch situated beneath Nyegga and CNE03 presents an
elongated moderate anticline of approximately 240 km in the south–north direction
and 60 km along the east–west direction (Kjeldstad et al., 2003). Gas hydrate
accumulations within the CNE03 pipe-like structure forms in sub-vertical veins,
resulting from an upward migration of thermogenically-sourced methane into the
GHSZ via polygonal faults and fractures (Hornbach et al., 2004; Jain and Juanes,
2009; Plaza-Faverola et al., 2010a). The CNE03 region sediments mostly consist
of low permeability glacial–interglacial muddy clay (e.g., Bünz et al., 2003; Ivanov
et al., 2007; Westbrook et al., 2008b).
Seismic reflection of the CNE03 pipe-like structure presents a distinctive columnar seismic blanking zone (CSBZ), pull-up reflections at the flanks of the pipe structure, and the BGHSZ beneath the CNE03 pockmark (Westbrook et al., 2008b), as
shown in Figure 1.5. Plaza-Faverola et al. (2010a) demonstrated that the CSBZ
beneath CNE03 coincides with high P-wave velocity. Both of these seismic attributes are indicative of the presence of gas hydrate within the CNE03 pipe-like
structure. Further geological information regarding the Nyegga pockmark field and
the CNE03 pockmark is given in Chapters 5, 6 and 7.

1.6

Research Objectives

The seismic and CSEM methods are controlled by different physical properties
therefore a careful integration of the data derived from these methods is required
to obtain information that is not available (or unreliable) from either type of data
alone, thus reducing ambiguity. Hence, to characterise sub-seafloor gas hydrate
structures robustly, it is preferable to employ a well-constrained joint interpretation
scheme that harnesses the strengths of both the seismic and CSEM complementary
methods.
The main objectives of this thesis are to detect, delineate, and quantify marine
gas hydrate structures. For this purpose, I provide a rigorous joint interpretation
scheme that uses 2-D CSEM, high-resolution 2-D seismic reflection data, 3-D tomographic seismic data, and sediment core datasets, coupled by elastic-electrical
joint effective medium modelling.
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Structure of Thesis

I begin this thesis (Chapter 2) with a brief review of the main chemical, elastic,
and electrical properties of marine gas hydrates.
Chapter 3 reviews the seismic and CSEM remote sensing techniques used to
study marine gas hydrate. Since the marine CSEM method forms a substantial part
of this research, I continue this chapter by introducing the instruments employed to
acquire the CSEM data. Next, I describe the main steps of the processing workflow
applied to the CSEM datasets used in this study. Lastly, I discuss the merits
of employing both the CSEM and seismic methods to construct an integrative
framework for the characterisation of marine gas hydrate deposits.
Chapter 4 reviews the electromagnetic governing equations, introduce geophysical inverse theory, discusses the main inversion approaches that are commonly
used for solving geophysical inverse problems, and concludes by describing the EM
inversion algorithm implemented in this research.
The core of this thesis is an aggregate of three self-contained papers,
presented here as Chapters 5, 6 and 7. These paper chapters sequentially fulfil the
main objectives of this research, as defined above.
Chapter 5 was published as Attias et al. (2016), and describes the detection and
delineation of the gas hydrate and free gas reservoirs beneath the CNE03 pockmark.
This chapter uses 2-D CSEM data, high-resolution 2-D seismic reflection data, and
3-D tomographic seismic data to derive unconstrained and seismically constrained
CSEM inversions along with CSEM synthetic studies, to construct a geologically
plausible resistivity model of the CNE03 pipe-like structure.
Chapter 6 presents a paper by Attias et al., that is in review for publication in
Geophysical Journal International . In this chapter, I report the discovery
of four new anomalous resistive features in the vicinity of the CNE03 pockmark,
presumably pre-existing or emerging pipe-like gas hydrate structures. Additionally, I present a CSEM combined inversion for high-resolution imaging of marine
gas hydrates within vertical structures. The combined inversion uses both towed
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and ocean-bottom CSEM electric field receiver data, to demonstrate that highresolution resistivity imaging of sub-seafloor gas hydrate structures is feasible by
jointly inverting CSEM datasets, independent of seismic constraints.
Chapter 7 presents a manuscript by Attias et al., currently in review for publication in Journal of Geophysical Research. This chapter provides a rigorous
quantification of the gas hydrate deposit at CNE03, using integrated seismic velocity and electrical resistivity data coupled by joint elastic-electrical effective medium
modelling. Additionally, I provide macro-, meso- and micro- scale detailed analysis of the lithological and physical properties derived from two sediment cores,
obtained from within and adjacent to the CNE03 hydrate pipe-like structure.
Finally, Chapter 8 concludes this thesis by summarising the research objectives
accomplished in this work. In addition, I describe my vision for a future multicomponent marine electromagnetic remote sensing system, leading towards an
optimised high-resolution image of the Earth’s interior structures.
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2.1

Summary

This chapter describes the main chemical, elastic, and electrical properties of marine gas hydrates. I begin by introducing the gas molecules that can form natural
gas hydrates. I proceed by discussing the effects of hydrates on the velocities of
compressional and shear seismic waves, and briefly, describe the relationship between gas hydrate and seismic attenuation. Next, I review the electrical properties
of gas hydrates. Lastly, I highlight the variations in electrical resistivity of marine
gas hydrates, as inferred from different studies performed at various continental
margins.

2.2

Chemical Properties of Hydrates

Natural gas hydrates are often expressed as M·nH2 O, where M represents the gas
molecule and n the number of water molecules that form the hydrate (e.g., Kvenvolden, 1988; Sloan, 1990). The gas molecule is usually an homologous compound
19

2.3. Elastic Properties of Hydrates

20

that can be methane (CH4 ), ethane (C2 H6 ), propane (C3 H8 ), or butane (C4 H10 ),
with a residual addition of gases such as carbon dioxide (CO2 ), nitrogen (N2 ), and
hydrogen sulfide (H2 S) (e.g., Kvenvolden, 1995; Sloan, 1998).
Methane is the most common gas molecule (99%) that occupies natural gas
hydrate clathrates (e.g., Pearson et al., 1983; Milkov , 2004; Collett et al., 2009).
Hence, natural gas hydrate is usually called methane hydrate. During hydrate
formation, molecules of methane are extracted from the water phase and thereby
lowering the methane concentration in the water. Gas hydrate is usually white, and
its crystals display a lattice structure that is similar to ice (e.g., Buffett, 2000). At
low temperatures, the water molecules within the lattice structure are connected
by strong hydrogen bonds (Sloan, 1998). One could exploit hydrates cage like
lattice structure for the purpose of CO2 geosequestration, as demonstrated by Lee
et al. (2017), which investigated the replacement of CH4 by CO2 in natural gas
hydrate (sII structure) for CH4 recovery and CO2 storage. Lee et al.’s (2017) study
provides first experimental results, suggesting that higher partial pressure of CO2
improves the efficiency of CH4 replacement, forcing the CH4 molecules to reside in
the small cages of sII hydrates.
The physical properties of hydrates can be divided into two main categories: elastic
and electrical, as described in sections 2.3 and 2.4, respectively.

2.3

Elastic Properties of Hydrates

Compressional (P ) and shear (S) wave velocities (VP and VS , respectively), are
commonly used for the detection and saturation estimates of marine gas hydrate
deposits. The characterisation of hydrate using seismic waves is enabled due to
the stiffness of hydrate within the host sediment, which increases VP and VS as
demonstrated in hydrate-bearing clay, silt, and sand at different effective stress
and hydrate saturations (e.g., Lee, 2007; Lee et al., 2010). The P - and S-wave
propagation velocities are dominated by the sediment’s bulk modulus K (substance
resistance to uniform compression) and shear modulus µ (stress to strain ratio). K
is controlled by the grains and pore fluid properties, whereas µ is governed by the
stiffness of the granular skeleton (e.g., Waite et al., 2009; Lee et al., 2010).
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To relate P - and S-wave velocities to hydrate saturations, the K and µ moduli
are expressed as functions of the sediment’s density, type of minerals, pore fluid,
and hydrate properties (e.g., Berryman, 1992; Carrara et al., 1994; Jakobsen et al.,
2000). The presence of gas hydrate can change the stiffness of the pore fluid and
sediment skeleton. Pore fluid stiffening affects the K, whereas skeletal stiffening
mainly increases µ, and subsequently, increases the skeletal bulk modulus (Waite
et al., 2009; Dai et al., 2012). In hydrate domains, the estimation of shear stiffness
must consider the pore space hydrate saturation, as hydrate tends to form within
the pore space (Waite et al., 2009).

2.3.1

P - and S-Wave Velocities of Marine Gas Hydrate

Consolidated sediments with no hydrate (or free gas) typically present VP and VS
values of 1.6–1.8 km/s and 0.3–0.8 km/s, respectively, whereas laboratory measurements for pure gas hydrate, showing velocities of 3.65 and 1.98 km/s, respectively
(Dash and Spence, 2011; Waite et al., 2000). Therefore, seismic velocities are frequently used to estimate hydrate saturation (e.g., Helgerud et al., 1999; Lee and
Collett, 2006; Dewangan and Ramprasad , 2007; Shelander et al., 2012).
Chand et al. (2004) implemented four different models to estimate hydrate
saturation and predict the changes in VP and VS in clay-rich sediments and sandrich sediments, obtained from the Blake Ridge area (Guerin et al., 1999) and
Mackenzie Delta area (Goldberg et al., 2000; Guerin and Goldberg, 2005) using
well-log measurements. These models showed low hydrate saturations (10–20%),
which only moderately increased the VP and VS . However, a small change in VS
may infer a significant increase in hydrate saturation (Chand et al., 2004). Lee
et al. (1996) related seismic velocities to marine hydrate concentration using a
weighted equation, showing that for hydrate-bearing sediments (at 50% porosity),
the VP varies between 2.04 and 3.76 km/s whereas VS varies between 0.71 and
2.08 km/s, at hydrate saturations of 20–100%, respectively.
P-wave velocities associated with marine gas hydrate, show a consistent increase
from 1.5 km/s at the seafloor to ∼1.88 km/s at the BSR, situated at a depth of
∼230 mbsf on the continental slope off Vancouver Island (Dash and Spence, 2011).
Using 3-D seismic tomography, Plaza-Faverola et al. (2010a) demonstrated that
the VP anomaly within the CNE03 gas hydrate pockmark varies between ∼1.75
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and ∼1.9 km/s, where the highest velocity is at the BGHSZ (further details in
Chapters 5 and 7).

2.3.2

Seismic Attenuation Induced by Hydrates

This work does not explicitly explore the effects of gas hydrate on seismic attenuation. However, since some of the results presented in this thesis were derived from
2-D reflection and 3-D tomographic seismic datasets that are inherently affected
by attenuation, I provide a brief overview of the relationship between gas hydrate
and seismic wave attenuation.
Seismic attenuation represents the loss of energy when seismic waves travel
through materials from a source to a receiver. The loss of the seismic energy
primarily results from geometric spreading, scattering and absorption of energy,
which are mainly controlled by porosity, water content, fractures, and the temperature of materials (Karato and Spetzler , 1990; Mitchell , 1995; Priest et al., 2006).
While geometric spreading is independent of the material properties, absorption
is strongly influenced by the characteristics of the material (i.e. grain size, mineralogy, saturation) and the frequency of the travelling elastic wave (Priest et al.,
2006).
The presence of gas hydrate in the pore space affects the compressional wave
−1
attenuation (Q−1
p ) and shear wave attenuation (Qs ) (e.g., Rossi et al., 2005; Priest
−1
et al., 2006; Lee and Collett, 2006; Matsushima, 2006). Q−1
might be
p and Qs

sensitive to small volumes of gas hydrate in the case where hydrate bonds between
adjacent sediment grains (Pecher and Holbrook , 2000). Similar to attenuation
observed in frozen rocks, hydrate-bearing sands are assumed to decrease Q−1
p and
(Toksöz et al., 1979; Wood et al., 2000b), whereas for frozen clay soils the
Q−1
s
attenuation increases (Al-Hunaidi et al., 1996).
Sonic well-log attenuation measurements performed on hydrate-bearing sediments from the Mackenzie Delta, showed that an increase in hydrate saturation
−1
leads to an increase in both Q−1
p and Qs (Guerin et al., 1999; Dvorkin and Uden,

2004; Guerin and Goldberg, 2005), whereas Q−1
s is more sensitive to hydrate inclusion than Q−1
p (Guerin and Goldberg, 2005). Guerin and Goldberg (2005) inferred
that the increase of shear velocity and energy dissipation observed in well-log seismic wave measurements are caused by elastic coupling due to cementation and
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friction between the hydrate and the sediment matrix, respectively.
Theoretical modelling suggests that pore-filling hydrate increase the sediment’s
fluid-solid contacts and squirt flow, consequently enhancing the elastic wave atten−1
measurements
uation at 0.1–106 Hz (Marı́n-Moreno et al., 2017). Q−1
p and Qs

indicate that gas hydrate formation significantly affects the rheological properties
of sediments, in a complex manner that is more than a simple substitution of pore
fluid by a solid phase (Dvorkin and Uden, 2004; Guerin and Goldberg, 2005; Best
et al., 2013).

2.4

Electrical Properties of Hydrates

Hydrate-bearing sediments can be studied by electromagnetic applications such as
steady state charge migration induced by the electric conductivity and permittivity (e.g., Waite et al., 2009; Lee et al., 2010). Since the electric permittivity is
unimportant when using the marine CSEM method (further details in Chapter 4),
the characteristics of hydrate-bearing sediments (i.e. volume fraction and spatial
arrangement) are primarily reflected by the electric conductivity of the media (e.g.,
Santamarina et al., 2001; Lee, 2007).
Electrical conduction in sediments is created by the movement of hydrated ions
in the pore fluid and electrical layers around mineral surfaces (e.g., Santamarina
et al., 2005; Lee, 2007). Sediments with high surface area (i.e. clay) have a significant effect on the electrical conduction, especially in low porosity where the
mineral surface area increases relative to volume. The electrical conductivity of
hydrate-bearing sediments is primarily controlled by the pore fluid conductivity
scaled by the volume fraction of liquid in pores, which are depended on the porosity and permeability of the sediment (e.g., Klein and Santamarina, 2003; Lee et al.,
2010). In the case of hydrate dissociation and subsequent pore water freshening,
the pore fluid conductivity decreases, i.e. higher resistivity.

2.5

Electrical Resistivity of Marine Gas Hydrate

Resistivity anomalies induced by the occurrence of hydrates can vary significantly
across different regions, and sometimes at different locations within a single region
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(e.g., Weitemeyer et al., 2011; Cook et al., 2012), depending on saturation levels. Therefore, marine hydrates can increase the sediment’s bulk resistivity from
∼0.5–1.5 Ωm (background values) to ∼2.5–300 Ωm, as inferred from well-logs and
controlled-source electromagnetic studies.
In some cases, resistivity anomalies caused by hydrates may vary only subtly (by
∼1–3 Ωm) from the regional background resistivity, as observed in the following
continental margin regions: Blake Ridge SE North America (Collett and Ladd ,
2000), Gulf of Mexico (Alaminos Canyon) (e.g., Boswell et al., 2012), Vancouver
Island continental slope (Riedel et al., 2005), South China Sea (Sun et al., 2012),
offshore Taiwan (Hsu et al., 2014), and Vestnesa Ridge in West Svalbard margin
(Goswami et al., 2015).
In contrast, some hydrate domains present resistivities that are significantly
higher than the regional background resistivity (∼4–300 Ωm higher). These regions
include: the Cascadia margin (Schwalenberg et al., 2005), West Svalbard continental slope (Goswami et al., 2016), Hikurangi margin in New Zealand (Schwalenberg
et al., 2010, 2017), San Diego Trough (Constable et al., 2016), and the Gulf of
Mexico (Walker Ridge, Green Canyon) (e.g., Boswell et al., 2012; Collett et al.,
2012).
The resistivity anomalies detected in the gas hydrate provinces reviewed above,
were mostly interpreted as accumulations of hydrates. However, it is essential
to perform an objective and rigorous interpretation of data wherever resistivity
anomalies appear, even when hydrates are regionally prominent. This is because
gas hydrate formations are known to be complex, where processes such as carbonate
formation, pore-water freshening as hydrate dissociate, brine formation, and raised
geotherms (related to fluid advection) play an important role, particularly in areas
where the hydrates are sparsely distributed (Evans, 2007).
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Summary

The aim of this chapter is to introduce the seismic and electromagnetic remote
sensing methods and their specific attributes that are broadly used in marine gas
hydrate research. These methods are the backbone of this thesis. Thus, I set
the scene for subsequent chapters. I begin by describing the various techniques
to analyse seismic data for gas hydrate reservoir characterisation. I proceed by
introducing the controlled-source electromagnetic (CSEM) sounding technique and
instrumentation used for the acquisition of marine CSEM data. Next, I describe the
main steps to process CSEM data. I end this chapter by discussing the advantages
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of using seismic and CSEM datasets in a joint interpretation scheme, to produce
reliable and geologically plausible models of marine gas hydrate deposits.

3.2

Characterisation of Marine Hydrates using
Seismic Methods

Seismic methods measure elastic wave propagation through the Earth’s interior.
Typically, active seismic waves can propagate tens of kilometres to provide high
resolution of the subsurface, depending on the properties of the survey design.
Seismic waves are a powerful tool to resolve layered sequences in sediment basins
(by detecting variations in amplitude), which serves as background to targets such
as oil, natural gas, gas hydrate, groundwater, and geothermal systems.
A marine active seismic survey uses an energy source to generate a seismic
wavefield, which propagates outward from the source via the seawater and into the
subsurface. Usually, a marine seismic energy source is an array of air-guns towed
behind the survey vessel below the sea surface. The returning wavefield is then
recorded by a towed streamer, which may contain hundreds of hydrophones. An
alternative method for seismic data acquisition is the use of ocean bottom seismic
recorders (OBS), positioned on the seafloor that usually measure the horizontal and
vertical velocities. The recorded signals obtain a range of seismic events including
reflections, refractions, surface waves and multiples.
Sub-seafloor structures such as gas hydrate accumulations are commonly surveyed and assessed using seismic velocity and amplitude attributes, as derived
from methods such as semblance velocity analysis (e.g., Lee et al., 2005), waveform
inversion (e.g., Singh et al., 1993), reflection travel-time tomography (e.g., Lodolo
et al., 2002), and amplitude versus offset analysis (e.g., Dewangan and Ramprasad ,
2007). Seismic studies for gas hydrate exploration focus on tracing bottom simulating reflectors (e.g., Shipley et al., 1979; MacKay et al., 1994) and acoustic blanking
zones (e.g., Wood et al., 2000a; Boswell et al., 2015), two distinctive attributes that
are often associated with the presence of hydrates and free gas. Gas hydrate has
a high P-wave velocity, whereas low-velocity anomalies may indicate the presence
of free gas within marine sediments (Sloan, 1998).
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Seismic Attributes of Gas Hydrate

The base of the gas hydrate stability zone is usually associated with a seismic
bottom simulating reflector (BSR) (e.g., Shipley et al., 1979; MacKay et al., 1994),
where free gas commonly exists beneath it. BSRs appears sub-parallel to the
seafloor and frequently show a seismic wavelet with a reverse polarity relative
to the seafloor seismic reflection (Shipley et al., 1979). In addition to the BSR,
seismic attributes such as seismic blanking and high P-wave velocity (e.g., Yuan
et al., 1996; Riedel et al., 2002) are common indicators for marine hydrate domains.
The seismic reflection signal is dispersed and attenuated where hydrates, free
gas or carbonates are present in sub-seafloor pipe-like structures, often yielding
a columnar seismic blanking zone (CSBZ) (Riedel et al., 2002). At the margins
of the CSBZ, pull-up seismic reflections can be detected (as shown in Figure 5 of
Chapter 1), which are caused by either an upward migration of free gas or by a
velocity contrast across this boundary region (e.g., Westbrook et al., 2008b; PlazaFaverola et al., 2010a), whereas hydrates are characterised by high seismic velocity
and free gas by low P-wave velocity. Although these seismic features provide a
structural indication of the presence of gas hydrate deposits, they offer limited
information in regards to the pore fluid properties, which is important to estimate
the saturation of a gas hydrate accumulation.
The relationship between seismic resolution and depth coverage is frequency
dependent (e.g., Wood et al., 2008). High-frequency signals have shallow penetration but provide high resolution, whereas low-frequency signals penetrate deeper
but yield a lower resolution. This frequency-dependent property is a limiting factor
when an integrated approach is required to study the shallow and deep processes
that are associated with fluid flow in gas hydrate domains. Additionally, structural
features like faults and fractures which dominate fluid migration within shallow
sediments (Fisher et al., 2003), are hard to resolve with low seismic resolution.
Performing a seismic velocity analysis (based on travel-time inversion) offers a better understanding of gas hydrate fluid flow systems, such as the one at the CNE03
pockmark, Nyegga region, offshore Norway (Plaza-Faverola et al., 2010a,b).
In this study, seismic reflection sections (Westbrook et al., 2008b) and travel
time tomography (Plaza-Faverola et al., 2010a) are utilised to constrain the vertical
structure of the CNE03 pockmark (further details in Chapter 5). Although these
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sets of seismic information are useful to describe the structural configuration of
marine gas hydrate deposits, they lack the capacity to evaluate the pore fluid
properties of the underlying structure. Thus, seismic data by themselves are not
sufficient to derive a rigorous quantification of gas hydrate structures and therefore
ideally should be interpreted in conjunction with other datasets, such as CSEM or
well-log.

3.3

Hydrate Exploration using Marine CSEM
Sounding Technique

Gas hydrates are electrically resistive (Edwards, 1997) compared to seawater and
the host sediments and therefore detectable by electromagnetic methods. The
marine CSEM sounding technique is sensitive to bulk resistivity, and thus, offers
information about the pore fluid properties of any sub-seafloor region of interest
(e.g., Edwards, 2005; Schwalenberg et al., 2010; Constable, 2010).
Bulk resistivity is governed by the fluid composition in the pore space, which
is dependent on factors such as porosity, temperature, mineralogy, grain size, pore
fluid saturation, and pore fluid salinity (e.g., Ellis et al., 2010). Hence, the marine
CSEM method can detect hydrate deposits and provide information about their
fluid composition (e.g., Schwalenberg et al., 2005; Weitemeyer et al., 2011; MacGregor and Tomlinson, 2014). However, CSEM is inherently a diffusive method,
and as such limited in its ability to resolve a sub-seafloor structure with high accuracy. Nonetheless, Chapter 6 of this thesis demonstrates that high-resolution
resistivity imaging using CSEM can be achieved by jointly inverting two types of
datasets.

3.4

Marine CSEM System

Electromagnetic (EM) survey methods most commonly involve a set of receivers
to measure one or more electric or magnetic field component (Cox , 1981; Constable et al., 1998; Minshull et al., 2005; Constable, 2006, 2010, 2013). Based on
Maxwell’s equations (see Chapter 4), an alternating EM source produces a pri-
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mary field that will induce secondary currents in conductive Earth material. EM
receivers record both the primary and secondary fields, from which the electric
and magnetic properties of the Earth’s interior are derived (e.g., Nabighian, 1988).
The controlled-source EM surveying technique provides a non-invasive option to
discriminate between geologic layers with similar elastic properties that have distinguishable electrical properties. Thus, the CSEM method is broadly considered as
an exploration tool that complements seismic methods, for studying regions where
the target of interest and the background sediments or rocks exhibit contrasting
electrical signatures (Edwards, 2005; Harris and MacGregor , 2006; MacGregor and
Tomlinson, 2014). Marine CSEM methods have proven to be a successful exploration tool, particularly for indicating the presence of thin subsurface resistive
targets (e.g., Schwalenberg et al., 2005; Hesthammer et al., 2010; Constable, 2010;
Key, 2012a; MacGregor and Tomlinson, 2014). Regions that have been studied using CSEM include seafloor spreading and subduction zones (e.g., Key et al., 2013;
Naif et al., 2013), hydrocarbon prospects (e.g., Ellingsrud et al., 2002; Constable
and Srnka, 2007), groundwater reservoirs (Evans and Key, 2016), seafloor mineralisation (e.g., Mueller et al., 2016; Hölz and Jegen, 2016; Gehrmann et al., 2017),
carbon storage sites (Park et al., 2013, 2016), gas hydrate (e.g., Edwards, 1997;
Schwalenberg et al., 2010; Weitemeyer et al., 2011; Attias et al., 2016; Goswami
et al., 2017), mid-ocean ridges (MacGregor et al., 1998), and submarine volcanoes
(e.g., MacGregor et al., 2001).
The first part of one common marine CSEM system includes an EM source and
a horizontal electric dipole antenna (HED), towed by a ship and flown ∼30–100 m
above the seafloor, depending on the regional bathymetry (Cox , 1981; Constable,
2006, 2010). HED length can vary from 50 m up to 800 m (Constable, 2013;
Mattsson et al., 2013). In the frequency domain CSEM method, the transmitter
produces an alternating current (50–1000 Amperes) that generates a time varying
electromagnetic field, creating a complex interaction between the transmitter and
the air, conductive sea water, and sub-seafloor (Sinha et al., 1990; Constable, 2006).
The time varying EM field is then attenuated as it diffuses through the seawater
and air, whereas beneath the seafloor attenuation is primarily dependent on the
electrical properties of the subsurface geology.
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The second part of a CSEM system involves an array of ocean bottom EM
field receivers (OBEM) (e.g., Constable, 2006, 2013; MacGregor and Tomlinson,
2014). The receivers are deployed on the seafloor to record the resultant electric
and magnetic fields by electric dipole arms and induction coil magnetometers,
respectively (e.g., Constable, 2006, 2013).
(a)

(b)
125m
DASI

425m

Vulcan

25m
Long antenna cable
Oil-filled float tube

Short antenna cable

Towing rope

Copper wire (7 m)

Vulcan tow harness

Figure 3.1: An illustration showing the marine CSEM system employed in this
study. This system owned by the University of Southampton include three main
instrument components: the DASI transmitter, 8 OBEs, and one Vulcan towed
receiver. (a) Vulcan was towed 300 m behind DASI’s 100 m HED antenna and
flown ∼50 m above the seafloor. Modified from Weitemeyer et al. (2011). (b)
Sketch of DASI, HED antenna, cables, and Vulcan.
In recent years, fixed-offset towed electric field receivers were developed as
either stand-alone instruments (Constable et al., 2012, 2016) or as EM streamers
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(towed near the water surface) containing inline E-field sensors that can be towed
separately or in conjunction with seismic streamers (in shallow depths) at a ship
towing speed of 4–6 knots (Mattsson et al., 2013; Engelmark et al., 2014; Bhuiyan
et al., 2015; Mattsson, 2015; Mckay et al., 2015), rather than the conventional
speed of 1–2 knots used in deep-towed CSEM (e.g., Constable, 2010). These fixedoffset electric field receivers are towed behind the CSEM transmitter in a distance
that varies between 400 and 1200 m for the stand-alone instruments (e.g., Goswami
et al., 2015; Constable et al., 2016), and up to 7700 m when using EM streamers
(Mattsson et al., 2013; Engelmark et al., 2014; Bhuiyan et al., 2015).
Figure 3.1a shows the marine CSEM system used in this research to explore
and characterise gas hydrate pipe–like structures, at the Nyegga region, offshore
Norway. This CSEM system includes: a deep-towed active source instrument
(DASI) (Sinha et al., 1990), ocean bottom electric field receivers (OBE) (Minshull
et al., 2005), and a fixed-offset towed three-axis electric field receiver named Vulcan (Constable et al., 2016). The data logged by the receivers are presented as
amplitude and phase components of the electric fields as a function of the varying
source–receiver offset (Constable et al., 1998; Constable, 2006).

3.4.1

Electromagnetic Transmitter

DASI (Sinha et al., 1990) was designed to be deep-towed tens of meters above the
seafloor, enabling one to employ the CSEM sounding method at various tectonic
settings (e.g., Evans et al., 1991; MacGregor et al., 1998, 2001). DASI is owned
and operated by the University of Southampton, National Oceanography Centre
at Southampton (NOCS), UK. DASI is powered by high voltage (∼1.2 kV) at
low alternating current (∼2 A, 256 Hz) from the ship by the electro-optical cable,
which is then transformed to low voltage (∼30 V) and high current (∼80 A).
In this study, DASI transmitted a 1 Hz square wave of alternating current
(∼81 A zero-to-peak amplitude) through two braided copper electrodes along a 100
m dipole antenna (Figures 3.1a,b), with a dipole moment of 10.3 kAm at the fundamental frequency of 1 Hz. Additionally, DASI was equipped with an ultra-short
baseline (USBL) acoustic navigation system, acoustic altimeter, and conductivity,
temperature, and depth sensor (CTD), as shown in Figure 3.2. The USBL navigation system allows one to track and record DASI’s positions in real-time. The
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altimeter data are transmitted up to the ship by a fibre optic communication cable, allowing for continuous active control on DASI altitude by the deep-tow winch
operator. The CTD instrument provides a real-time continuous measurement of
DASI’s depth via the fibre optic link. DASI was deep-towed at the end of a cable
at a mean altitude of 50 m above the seafloor (Figure 3.1a), where a 1 Hz stream
of data from the acoustic altimeter enabled the winch operator to keep DASI’s
altitude within 10 m of the 50 m target value.

CTD

USBL
Telemetry pressure
case
Power pressure
case

Altimeter

oil-filled
junction box
with fibre-optics
and conductors

Figure 3.2: DASI transmitter on deck before deployment. The power pressure case
is oil-filled, containing transformers and the main switch board. The telemetry
pressure case is air-filled, encompasses the data logger, fibre optic connections that
are linked to the switch board, CTD and altimeter instruments. The oil-filled
junction host the connection between the deep tow cable fibre optic and conductor
components to DASI. Photo was taken by Karen Weitemeyer.
The ship speed was restricted to 1–2 knots, while the target speed was 1.5 knots.
This relatively slow towing speed keeps a smaller winch towing angle, thus keeping
DASI laterally closer to the ship and prevents mechanical malfunctions. Furthermore, slow speed deep-towing reduces the uncertainty in EM transmitter position
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and orientation and also allows for longer stack frames to be analysed during data
processing (Behrens, 2005), which helps in diminishing the noise induced by spatial
variations of the 100 m dipole antenna. The data recorded by the USBL and CTD
instruments were used to construct a bathymetric profile along DASI’s survey towlines. The CTD conductivity data were used to assemble the resistivity (inverse of
conductivity) profile of the seawater column, which is required for CSEM inversion
modelling (further information in Chapters 5 and 6).

3.4.2

Ocean Bottom Electric Field Receiver

The ocean bottom electric field (OBE) (Minshull et al., 2005) receiver measures
the electric field (sampling rate = 125 Hz) using a pair of electrodes separated by
some nominal distance (12 m for this experiment) to increase signal-to-noise. Since
seawater is a sodium chloride solution, to measure electric fields marine instruments
often use silver-silver chloride (Ag-AgCl) electrodes, which are bare metal coated
with a low solubility salt and submerged in an ionic solution of the same anion
(Webb et al., 1985; Constable, 2013).
At 1 Hz, the OBE electric field noise floor is ∼10−13 VA−1 m−2 . This noise floor
is relatively high in comparison to the OBEM used by the EM lab at the Scripps
institution of Oceanography (SIO), which has a noise floor of ∼10−15 VA−1 m−2
(Constable, 2013), and the OBEM used by Electromagnetic Geoservices (EMGS)
that are characterised by a noise floor of ∼10−17 VA−1 m−2 (Havsgård et al., 2011).
The OBE main internal components include the data logger, amplifiers, battery
pack, clocks, which are housed inside an aluminium alloy cylinder. The cylinder
and sensors are attached to a high-density polyethene frame that is used for flotation along with six glass spheres. The OBE data logger accommodates a GPS
synced crystal clock for time keeping, which is set before deployment and aim to
measure the time drift upon recovery, so that errors in the phase data are identified
and corrected (Constable, 2013).
Figure 3.3 shows one of the OBE receivers employed in this study, operated by
the UK Ocean Bottom Instrumentation Consortium. For the Nyegga experiment,
the OBEs were deployed to the seabed using a USBL acoustic release device, and
their locations were determined by both a USBL acoustic navigation system and
the ship navigation system (further details in Chapter 5). An acoustic unit was
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integrated into the OBE frame, acting as a release mechanism that disconnects
the instrument from its anchor, allowing the surfacing of the OBE for recovery
(Figure 3.3). The OBE electrodes (15 cm long by 4 cm diameter) were positioned on
each end of two 12 m long horizontal perpendicular dipoles, and their orientations
were calculated using Key and Lockwood ’s (2010) orthogonal procrustes rotation
analysis (OPRA) inversion technique (further details in Chapter 5).

Acoustic
unit
Anchor
Logger

Figure 3.3: OBE receiver before deployment (Photo taken by Karen Weitemeyer).
Upper right corner: a sketch showing the OBE instrument in top view.

3.4.3

Towed Three-Axis Electric Field Receiver

The towed three-axis electric field receiver (Vulcan) employed in this study was developed by the Scripps EM group, and is comprehensively described by Constable
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et al. (2016). The Vulcan towed receiver can be used as a stand-alone instrument for the mapping of shallow geologic features or to provide continuous data,
which supplements the sparse data acquired by the traditional OBEM receivers
(Constable et al., 2016). The first version of a towed receiver (with an only inline
horizontal electric dipole) was tested for gas hydrate exploration in 2004 (Weitemeyer et al., 2006). An early version of Vulcan (with three-axis electric dipoles)
was first employed in 2008 to study the occurrence of hydrates in the Gulf of Mexico (Weitemeyer and Constable, 2010). The latest version of Vulcan was recently
used as a 1.6 km array of 6 Vulcans to characterise hydrate deposits in the Gulf of
Mexico1 .
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Figure 3.4: The Vulcan towed receiver at recovery. Vulcan has three electric field
dipoles: Ex (1 m), Ey (2 m), and Ez (1 m).
The Vulcan receiver includes a pressure case containing the main data logger,
three-channel electric field amplifier circuit board, 3-axis accelerometer, batteries,
compass/pitch/roll sensor, serial data logger, and a Paroscientific pressure sensor
(Constable et al., 2016). The data from the compass/tiltmeter and pressure sensor
are logged by the serial data logger every 2 s. The main data logger uses a crystal
clock, with specified drift rates of ∼2 ms/d (Constable et al., 2016). GPS time
tags are documented pre and post survey to monitor the time drift of this clock.
The pressure case is placed in a neutrally buoyant frame with syntactic foam and
1

http://marineemlab.ucsd.edu/Projects/GoMHydrate2017
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attached to three pairs of silver-silver chloride electrodes (inline, crossline, and
vertical) on a multiconductor cable (Figure 3.4). Although not used in this study,
the 3-axis accelerometer may provide supporting navigational information and potentially baseline data for noise reduction in the electric field channels (Constable
et al., 2016). To record the electric fields (sampling rate = 250 Hz), Vulcan is
equipped with three-axis dipoles: a 2 m long inline dipole, 1 m long crossline
dipole, and 1 m long vertical dipole. The crossline and vertical dipoles are attached to the horizontal and vertical wings, respectively (Figure 3.4). Both the
electric and accelerometer data are logged by the main data logger where the data
is written to a flash card.
In this study, we used the University of Southampton Mk-II Vulcan (Goswami
et al., 2015, 2016) that is capable of working at full ocean depth (6000 m). The
Vulcan instrument was towed 425 meters behind the DASI transmitter (300 m
behind the HED antenna) and flown approximately 50 m above the seafloor (Figures 3.1a,b). Towing Vulcan at low speeds (<1.2 knots) may increase the noise
due to the lateral and vertical motion of the towing cable (Constable et al., 2016).
Therefore, Vulcan was towed at an average speed of 1.5 knots where the lateral
movement of the cable is significantly reduced. Condensed syntactic foam blocks
were added to the base frame of the Vulcan main body, thus trimming the system
to be positively buoyant and balanced horizontally. Mk-II Vulcan electric field
noise floor (at 1 Hz) is ∼10−8 VA−1 m−2 (Constable et al., 2016). Towing a CSEM
system that includes only a transmitter and Vulcan towed receiver allows for rapid
data acquisition even in areas with sharp bathymetry, as recently demonstrated
by Gehrmann et al.’s (2017) to map seafloor massive sulphide deposits of extinct
hydrothermal vents, in the TAG hydrothermal field (Mid-Atlantic Ridge), where
the bathymetric fluctuations are between 20 and 70 m over 150–200 m diameter
(Humphris and Tivey, 2000).
The Vulcan rigid body reduces noise caused by motion and enables to measure
vertical electric fields (Constable et al., 2016). However, such towed acquisition
array unavoidably increases the geometrical uncertainties due to the rapid and frequent variations in Vulcan’s pitch, roll and yaw movements, which can not always
be measured with a high level of accuracy. Therefore, these geometrical uncertainties must be identified, measured, constrained, and accounted for during data
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processing, to obtain resistivity inversion models that are geologically plausible, as
demonstrated in Chapters 5 and 6.

3.5

CSEM Data Processing

The time-series data recorded by the Vulcan and OBE receivers were processed
following the methodology described in Myer et al. (2011). Initial processing steps
include calibration and gain adjustment of the electric field amplifiers, and digital
counts to volts conversion. The CSEM amplitude and phase response functions
were obtained by transforming the time-series data into the frequency domain,
using a fast Fourier transformed (FFT) with time windows of 1 s. Before FFT, a
first-difference pre-whitening filter was applied to remove unwanted low-frequency
signals, and then the data were post-darkened and normalised by the transmitter
dipole moment and coefficients of an idealised square wave, to yield the complexvalued CSEM data. Next, the resulting Fourier coefficients were stacked into 60 s
intervals (60 FFT windows) to increase the signal-to-noise ratio. Finally, the transmitter and receiver navigational information were merged with the stacked data.
In this study, the processing workflow described above was customised to account
for limitations in the OBE and Vulcan data that were imposed by acquisition and
survey instruments. The specific processing steps that were added to mitigate
these limitations are described and discussed in Chapters 5 and 6.

3.6

CSEM–Seismic Joint Interpretation

Contemporary geophysical research values the importance of jointly interpreting
multiple geophysical datasets in order to construct a consistent and robust Earth
model. Ideally, this is done by seismic-CSEM joint inversion (e.g., Chen and Hoversten, 2012; Colombo et al., 2017) that utilises an attribute that is mutually shared
by the seismic and CSEM data, to derive a model that is constrained by both
datasets simultaneously. The seismic and CSEM datasets can be linked by either structural similarity (e.g., Haber and Oldenburg, 1997; Gallardo and Meju,
2004; Hu et al., 2009; Lien, 2013; Molodtsov and Troyan, 2017) or petrophysical
properties (e.g., Hoversten et al., 2006; Chen et al., 2007; Abubakar et al., 2012).
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However, joint inversion of two or more datasets that measure different physical properties is challenging and therefore not always feasible. Alternatively, a
robust interpretation could be achieved by integrating seismic and electromagnetic
datasets (from remote sensing or well-logs), employed in conjunction with calibrated rock physics models that elucidate the fluid properties of the sub-seafloor
area of interest.
An integrative approach such as this requires a careful design of an adequate
workflow, able to extract and combine information from the different datasets.
The ultimate aim of such a workflow is to produce a qualitative and quantitative interpretation that is consistent with the regional geology. One typical joint
interpretation approach to characterise gas hydrate domains, is the co-rendering
of high-resolution seismic reflection data and CSEM data, to detect regions where
both seismic and CSEM anomalies coincide (e.g., Weitemeyer et al., 2011; Goswami
et al., 2015; McKay et al., 2016; Schwalenberg et al., 2017; Goswami et al., 2017; Du
et al., 2017). Another approach is an integration that is based on well-log data with
seismic and/or CSEM data, so that the elastic/electrical properties derived from
either of these remote sensing measurements, can be validated, constrained, and
calibrated by the well-log data (e.g., Harris et al., 2009; Morten et al., 2012; MacGregor et al., 2012; Alcocer et al., 2013; Alvarez et al., 2017a,b). Such integrated
analysis can provide valuable information on reservoir properties and content.
In this study, I use both structural and P-wave velocity information, obtained
from seismic reflection and tomography data respectively, to constrain the CSEM
inversions (Further details in Chapters 4 and 5). Thus, yielding a resistivity model
that better describes the CNE03 pipe-like structure than the seismic and CSEM
co-rendering approach (see Chapter 5).
To seek the ideal approach that integrates seismic and CSEM data for gas
hydrate quantification, it is instructive to examine the electrical and elastic properties to which seismic and EM fields are sensitive. The quantification of hydrate
saturation from CSEM resistivity data is often obtained by Archie’s law (Archie
et al., 1942), whereas from seismic data this can be achieved by a combination of a
contact model and Gassmann’s equation (e.g., Helgerud et al., 1999; Ecker et al.,
2000; Goswami et al., 2015).
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Archie’s law is an empirically derived relationship that relates the in-situ electrical resistivity of sedimentary rock to its porosity when the pore space is filled
with gas. In Archie’s equation, ρb represents the in-situ formation bulk resistivity,
a is the tortuosity coefficient, m is the cementation coefficient, Sw is the pore water
saturation, n is the saturation exponent, and ρw is the formation pore water resistivity (Equation 3.1). The implementation of Archie’s law in this study is given in
Chapter 5.
ρb = a−m Sw−n ρw

(3.1)

The Gassmann’s equations relate the elastic bulk moduli of the rock and fluid
phases within saturated rocks (Gassmann, 1951). Gassmann’s equation requires
prior knowledge about the rock, fluid, mineral properties and assumes that the
porous rock is homogeneous, isotropic, and no isolated pores exist (e.g., Mavko
et al., 2009). The bulk modulus of the fluid and mineral matrix given by Gassmann
(1951) can be further refined using equations such as Voigt Reuss-Hill averaging
(Hill , 1965). The velocities predicted from Gassmann’s equations can be compared
with the Hashin-Shtrikman bounds (Hashin and Shtrikman, 1963). This comparison can provide the range of elastic moduli possible for an isotropic mixture without
specifying the geometries of the mixture constituents.
The electrical and elastic methods presented above, all ignore the microstructural information that controls the elastic/electrical response of sedimentary rocks
(e.g., Helgerud et al., 1999; Ecker et al., 2000; Goswami et al., 2016). Effective
medium models which derive the elastic and electrical properties of microheterogeneous sedimentary rock (e.g., Sheng, 1990; Hornby et al., 1994; Jakobsen et al.,
2000), have been applied satisfactorily to quantify hydrate (e.g., Jakobsen et al.,
2000; Sain et al., 2010; Ghosh et al., 2010), however, they are mostly limited to
seismic data. Hence, to obtain a realistic quantitative assessment of a gas hydrate
deposit from seismic and CSEM attributes, a multi-property rock physics modelling scheme is required (as presented in Chapter 7), capable of predicting the
bulk response of microheterogeneous composites.
In this thesis, I demonstrate the capability of a seismic and CSEM joint interpretation approach that considers information from sediment cores and coupled by
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rock physics modelling, to characterise marine gas hydrate structures rigorously.
Although the integrative approach presented here is specifically designed to delineate and quantify gas hydrate domains, it can be extended to characterise other
geologic structures of interest.
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Summary

This chapter begins with a review of the governing equations used in electromagnetic methods. I then briefly introduce geophysical inverse theory, followed by a description of the main inversion approaches for solving geophysical inverse problems.
Next, I provide information regarding the EM inversion algorithm (MARE2DEM)
implemented in this research. Lastly, I elaborate on the integration of the 2-D
seismic reflection data and the 3-D seismic tomography data with the CSEM data,
to yield seismically constrained CSEM inversion models using the MARE2DEM
algorithm.

4.2

Electromagnetic Governing Equations

The theory of electromagnetic fields is described by the macro-electrodynamic
Maxwell’s equations, a set of four equations that form the theoretical foun41
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dation of all EM phenomena (e.g., Stratton, 1941; Zhdanov and Keller , 1994), and
thus, elementally govern the CSEM sounding technique. The extended differential
formulation of Maxwell’s equations is:
I
Gauss’ law for electricity:

~ · dA
~ = Qenc
E
0

(4.1)

closed
surface

I
Gauss’ law for magnetism:

~ · dA
~ =0
B

(4.2)

closed
surface

I
Faraday’s law:
I
Ampere-Maxwell law:

The

~ · d~s
E
~ · d~s
B

dφB
dt
dφE
= µ0 0
+ µ0 ienc
dt

=−

(4.3)
(4.4)

H

notation specifies closed loop integrals, meaning that the calculations of
~
Maxwell’s equations must be performed in a loop for the equations to be valid. E
is the electric field that points radially outward everywhere, always parallel to a
~ that is normal to the surface at all points. B
~ is the magnetic field,
unit vector dA
and d~s represents an infinitely small portion of the loop of wire. Q represents the
electric charge, and the ienc notation means that the current is enclosed (i.e. the
current passes through the interior of the closed loop).
Maxwell’s equations can be simplified to the following form:
∇ · D = ρv

(4.5)

∇·B=0

(4.6)

∂B
∂t

(4.7)

∂D
+J
∂t

(4.8)

∇×E=−
∇×H=
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where
E = electric field intensity [Vm1 ]
H = magnetic field intensity [Am1 ]
D = electric flux density [Cm2 ]
B = magnetic flux density [T]
J = electric current density [Am2 ]

Maxwell’s equations consist of two scalar divergence equations (4.5 and 4.6) and
two vector curl equations (4.7 and 4.8). Equation 4.5 describes Gauss’ law for
electric fields, stating that D (also referred to as the displacement current density)
out of any closed surface is proportional to the total electric charge density (ρv )
enclosed within the surface, whereas the electric field (E-field) lines diverge away
from the electric charges. Hence, negative charges act as a sink for E-fields.
Maxwell’s second equation is the Gauss’ law for magnetism, which states that
natural magnetic monopoles do not exist (Equation 4.6), since magnetic fields
tend to wrap around objects (e.g., conductive rods or wires), forming closed loops
when the divergence is zero.
Faraday’s law of induction is given in Equation 4.7, stating that a time varying
magnetic field (H-field) will create a circulating E-field when a circular loop of wire
is placed in the H-field, perpendicular to the direction of the field. A current will
then flow in the loop as determined by the Ohm’s law: V = I · R, where R is the
resistance of the loop.
Equation 4.8 describes Ampere’s law, which states that a flowing electric current
gives rise to an H-field that circles a wire. Additionally, a time varying E-field
will induce an H-field that encircles the E-field, which is the displacement current
term introduced by Maxwell. Thus, Ampere’s law relates between H and E or D,
which both give rise to the EM waves phenomena. This essentially means that the
electric and magnetic field components of EM waves are mutually perpendicular
to each other in the direction of propagation (i.e. transverse waves).
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In a homogeneous isotropic medium, Maxwell’s equations are coupled by the scalar
constitutive relationships:
D = E
B = µH
J = σE
where  is the dielectric permittivity [Fm−1 ], µ is the magnetic permeability [Hm−1 ]
and σ is the electric conductivity [Sm−1 ] of the medium, which is the reciprocal of
the medium resistivity (i.e. ρ = 1/σ). By substituting these constitutive relations,
Maxwell’s equations account for the electromagnetic properties of the medium
(i.e. permeability, permittivity, and conductivity). Therefore, Maxwell’s equations
can be rearranged to provide two partial differential equations that represent the
electric and magnetic fields, as follows:

−∇2 E + µ0 

∂ 2E
∂E
+ µ0 σ
=0
2
∂t
∂t

(4.9)

−∇2 H + µ0 

∂ 2H
∂H
+ µ0 σ
=0
2
∂t
∂t

(4.10)

Equations 4.9 and 4.10 represents the E and H-fields in the absence of a homogeneous source, where µ0 is the magnetic permeability of free space. In the frequency domain, assuming that the electric and magnetic fields harmonically vary
with time (proportional to e−iωt , where ω is the angular frequency), the equations
can be rewritten in this form:
−∇2 e − (µ0 ω 2 + iµ0 σω)e = 0

(4.11)

−∇2 h − (µ0 ω 2 + iµ0 σω)h = 0

(4.12)

For most EM applications, variations in magnetic permeability µ0 are generally
unimportant. Also, although dielectric permittivity  affects the diffusion of electric
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fields, at low frequencies (0.1–10 Hz) such as those used by the CSEM method,
the quasi-static approximation (e.g., Westgard , 1997) becomes valid, thus making
the  term in Equations 4.11 and 4.12 negligible. This can be described as follows:
2

2

the terms µ0  ∂∂t2e and µ0  ∂∂th2 (4.9 and 4.10, which corresponds to the first term
inside the brackets of 4.11 and 4.12, respectively), can be neglected because at low
frequencies σ  ω. Consequently, Equations 4.11 and 4.12 can be minimised to:
∇2 e + iµ0 σωe = 0

(4.13)

∇2 h + iµ0 σωh = 0

(4.14)

From a physical prospective, this means that for EM methods that use low
frequencies, the radiative contribution (i.e.

second term in 4.9 and 4.10) to

the electric and magnetic fields is insignificant in comparison to the diffusive
parts (i.e. third term in 4.9 and 4.10). Thus, by disregarding the radiative
parts, the partial differential equations for both fields are now reduced to diffusion equations (Equations 4.13 and 4.14). Hence, the CSEM sounding technique
primarily depends on the electric conductivity σ of the medium it diffuses through.
Since Maxwell’s equations are coupled by the conductivity σ, permittivity ,
and permeability µ parameters, for the general case the EM forward problem
can be described by the following operator equation:
[E, H] = Aem [σ, , µ]

(4.15)

where Aem is an operator of the forward electromagnetic problem, which usually it
is a non-linear operator (Zhdanov , 2015). As explained above, since the  term is
neglected at low frequencies (CSEM) and µ is a constant parameter, this equation
can be reduced to:
[E, H] = Aem [σ]

(4.16)
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Oppositely, the general EM inverse problem can be described by the following
operator equation:
[σ, , µ] = (Aem )−1 [E, H]

(4.17)

where for CSEM data it can be minimised to:
[σ] = (Aem )−1 [E, H]

(4.18)

The inverse problem is a non-linear one, and thus, making the inversion of EM
data a challenging task (see section 4.3). One conventional approach for solving
the inverse problem and derive the Earth’s conductivity is by discretizing the model
space with a finite-element triangulate or quadrilateral mesh, as implemented by
the Occam and MARE2DEM inversion algorithms (see sections 4.3.2, and 4.4.2).

4.3

Geophysical Inverse Theory

Geophysical models that describe shallow and deep Earth structures are often built
by utilising remote sensing data and inverse theory. Geophysical inverse theory includes both the forward and inverse problems. The forward problem aims to
model data dsyn from a priori Earth model m, such as dsyn = F (m), where F
is the forward modeling operator (e.g., Parker , 1994; Engl et al., 1996; Zhdanov ,
2002). The inverse problem seeks a model solution m from observational data dobs ,
whereas, m = F −1 (dobs ) (e.g., Parker , 1994; Snieder , 1998; Tarantola, 2005; Zhdanov , 2015). Geophysical inverse problems are inherently ill-posed (non-unique
solution), which frequently involve a non-linear system of equations to achieve solutions for EM problems (e.g., Tikhonov et al., 1977; Snieder , 1998; Gholami and
Siahkoohi , 2010; Zhdanov , 2015). An ill-posed inverse problem is often unstable,
and therefore, requires a regularization weighting scheme (further details in section 4.4.1) to balance between the model roughness and fitting the data, which
is essential to stabilize the inversion (e.g., Tikhonov et al., 1977; Constable et al.,
1987).
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Inversion Approaches

The two main approaches for solving geophysical inverse problems are the stochastic and deterministic, where the fundamental difference between them is the nature of the model solution. Stochastic approaches (often referred to as Bayesian)
are designed to seek for the best-fitting model based on the probability distribution of multiple solution models, while simultaneously characterise the uncertainty
of the inversion (e.g., Tarantola and Valette, 1982; Gilks et al., 1996; Scales and
Tenorio, 2001). Bayesian methods are independent of a starting model, do not require a specification of the data uncertainties, but are computationally expensive
because a large number of forward models must be generated and stored. Deterministic methods are more widely used than the stochastic methods due to their
lower computational demand, particularly for solving high-dimensional geophysical
problems. The deterministic approach searches for a specific and unknown model,
most commonly by iteratively minimizing a least squares L2 norm of the misfit
function S, where, S = kdobs − dsyn k2 .
A typical way to solve least squares non-linear inverse problems is to apply the
Newton or Gauss Newton methods (e.g., Björck , 1996; Nocedal and Wright, 2006).
The Newton method calculates the second derivative of the misfit function, commonly referred to as the Hessian matrix (e.g., Thacker , 1989; Loke and Barker ,
1996; Draper and Smith, 2014). Calculating the full Hessian matrix is computationally expensive, and therefore, the Newton method can be minimised to the
Gauss-Newton method using an approximation of the full Hessian matrix, as applied in EM data inversions (e.g., Li et al., 2011; Key and Ovall , 2011; Sasaki ,
2012; Tseng et al., 2015; Wiik et al., 2015). One deterministic inversion that employs the Gauss-Newton approach is the regularized non-linear Occam’s inversion
method (Constable et al., 1987; deGroot Hedlin and Constable, 1990), which is
broadly used for CSEM data inversion (e.g., Constable and Cox , 1996; MacGregor
et al., 2001; Key, 2009; Constable, 2006).
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Occam’s Inversion

The electrical resistivity of geologic structures can be determined by solving the inverse problem using the Occam inversion algorithm (Constable et al., 1987). Occam
searches for the smoothest model that fits the data within a specific target misfit
tolerance by minimizing the unconstrained regularized cost function, as presented
in Equation 4.19.
U = kRmk2 + kP(m − m∗ )k2 + µ−1 [kW(d − F (m))k2 − χ2∗ ]

(4.19)

The model roughness (first term) is computed by applying a first–differencing
operator R to the elements of the model vector m that contains log10 ρ (ρ = electrical resistivity) values for the free model parameters. The second term measures
the difference between the model vector m and a priori preference model m∗ . The
diagonal matrix P contains scaling parameters that determine the relative weighting between the preference and the model roughness. The above roughness and
preference terms are regularizers that stabilize the non–linear inversion, and thus
prevent the inversion from producing oscillating resistivity structure (Constable
et al., 1987). The third term is a misfit measure between the data d and the model
forward response F (m).
The Gauss-Newton approach requires a user-defined Lagrange multiplier. In
Occam, µ is the Lagrange multiplier which serves to balance the trade-off between
the data fit, the model roughness and model preference. The uniqueness of the
Occam method emerges from its ability to scan the Lagrange multiplier space
in each iteration, and as the inversion converges to the pre-defined misfit target,
Occam then seeks for smallest Lagrange multiplier (smoothest model) that still
satisfies the target misfit.
W is a data covariance weighting function that weights the relative contribution of each datum to the misfit, based on its uncertainty. The last term is the
target misfit χ2∗ , usually chosen so that the root mean square (RMS) misfit xrms
(Equation 4.20) is equal to unity, when the error structure is well constrained.
Thus, the RMS misfit describes how well the inverse model fits the data.
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It is feasible to obtain a model with a misfit that is lower than unity, though in a
case where the uncertainties are perfectly constrained, the resulting model would
overfit the data.
r
xrms =

v
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(4.20)

In Equation 4.20, n is the number of data, d is the data, F (m) is the model forward
response and s i is the standard error of the i th datum (Constable et al., 1987).
The Occam approach seeks the smoothest best-fitting model iteratively until it fits
the data to χ2∗ . This is achieved by applying the Gauss-Newton approach that
linearizes around a starting model with a Taylor series expansion to compute the
next iteration step, repetitively until model convergence. Occam uses the Jacobian
matrix J, which is the matrix of the partial derivatives of model responses with
respect to model parameters, as follows:
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Each inversion iteration starts with a Jacobian calculation J(m) in conjunction
with a forward call F (m) to search for the initial misfit of the starting model. In the
ideal scenario where the minimum misfit is found immediately, Occam is required
to compute only four forward model evaluations for the inversion to converge (Key,
2016). The Occam algorithm has advantages over the conventional Gauss-Newton
method, because it allows the inversion to be independent of user subjectivity
when choosing the ideal combination of Lagrange multiplier and converged χ2∗
misfit, because of its Lagrange multiplier auto-search feature.
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MARE2DEM: 2.5-D EM Inversion Algorithm

In this study, all the isotropic and anisotropic CSEM inversions were performed
using Key and Ovall ’s (2011) MARE2DEM inversion algorithm. MARE2DEM
is an Occam based parallel goal–oriented adaptive finite element method, able to
compute solutions for 2.5-D CSEM and magnetotelluric (MT) modelling problems
(Key and Ovall , 2011; Key, 2016). 2.5-D inversion modelling refers to the case
where the transmitter source is simulated in 3-D, but the model space is 2-D. The
finite element method seeks approximate solutions to boundary value problems,
using mesh discretization techniques for dividing a whole domain problem into
smaller subdomain elements (Reddy, 1993).
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Figure 4.1: An example of MARE2DEM model mesh, as employed in this research.
Note that this is a closeup image, to better view the model mesh discretization.
The mesh extends tens of kilometres beyond that shown in order to maintain
good boundary conditions. This model is discretized by a combination of ∼24,000
quadrilateral and triangular mesh elements that gradually increase in size proportionally to depth. The sub-seafloor is assigned a homogenous resistivity of 1 Ωm.
Circles denote the OBEs and white inverted triangles represent the transmitter positions (Vulcan positions not shown). The model was constructed using Mamba2D,
the model builder of MARE2DEM (Key and Ovall , 2011; Key, 2012b, 2016).
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In MARE2DEM, the model space is discretized by unstructured finite element grids to incorporate the seafloor bathymetry efficiently (Key and Ovall ,
2011). Thus, MARE2DEM can model sharp bathymetric fluctuations (Naif et al.,
2013; Key, 2016; Naif et al., 2016). The mesh discretization is implemented using dual grids, one for the forward solver and the other for the inversion solver.
MARE2DEM is designed to populate the inversion grid automatically using the
minimum possible number of mesh elements, then proceeds to solve the forward
problem iteratively (Key and Ovall , 2011). Hence, it applies a goal-oriented error
estimator with adaptive mesh refinement to guarantee the most accurate solutions
for the EM inverse problem (Key and Ovall , 2011; Key, 2016).
MARE2DEM is a significant advancement in comparison to previous 2-D EM
modelling methods since it is relatively computationally inexpensive, even when
the model mesh is very finely discretized (Key, 2016). For example, an anisotropic
inversion (Chapter 5) that contained ∼28,000 of triangular elements in the mesh
converged to a target RMS misfit of 0.9 after 6 iterations in under three hours, using
64 processors. A combined isotropic inversion of Vulcan and OBE CSEM data
(Chapter 6), which included ∼24,000 quadrilateral and triangle free parameters
(Figure 4.1), converged to an RMS misfit of 0.95 after 10 iterations in twelve
hours, by employing only 32 processors. Employing quadrilateral mesh cells is
particularly advantageous when the lateral spacing between EM seafloor receivers
is greater than the depth of interest. Then, the quadrilaterals can be structured
to be thin and wide, resulting in a fine depth scale while minimising the number
of free parameters between adjacent seafloor receivers (Key, 2016).
CSEM inversion can be performed in which the data are typically formatted
as either: the real and imaginary components of the impedance tensor, the linear
apparent resistivity and linear phase, or the log apparent resistivity and linear
phase. In this study, all inversions were inverted using the log apparent resistivity
and linear phase, as presented in Chapters 5 and 6. This particular realisation of
the misfit space leads to smoother models that fit the data better than the other
two options. Thus, maximising the probability that the inversion converges to the
global minimum (Wheelock et al., 2015).

4.4. MARE2DEM: 2.5-D EM Inversion Algorithm

4.4.1

52

Regularization Scheme

In MARE2DEM, the penalty for model roughness is imposed via the p by q penalty
matrix R, where p is the number of penalty rows and q is the number of model
parameters, that is applied to the model vector m with the matrix–vector product Rm (Key and Ovall , 2011). The roughness penalty output from Mamba2D
(MARE2DEM model builder) approximates the integral of the model spatial gradient over each parameter, as shown by Equation 4.22.

kRmk2 =

m
X

N (i)
X

i=1

j=1

!
[wj (mi − mj )]

(4.22)

In the equation above, N(i) is the number of neighbouring parameters around
the model parameter mi and wj are weights set so that the sum of differences
approximates the integral of the local gradient (Key and Ovall , 2011). For vertical
transverse isotropic (VTI – transversely isotropic perpendicular to the z axis, also
refer to as ‘tiz’ in MAR2DEM, is one form of the conductivity tensor that represents
anisotropy) models, the roughness is augmented by splitting the model vector into
the following anisotropic subsets:
 
mx
 

m=
my 
mz

(4.23)

so that
kRmk2 ≡ kRmx k2 + kRmy k2 + kRmz k2 + α km − m0 k

2

(4.24)

where the last term on the right is used to penalize anisotropy and can be adjusted
up or down with the scalar parameter α, and by m0 .
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m0 = 
mz 
mx

(4.25)

In transversely isotropic models (tix, tiy, tiz in Mamba2D), only two anisotropic
components are used (see Chapter 5, section 5.5.4), instead of the three shown in
Equations 4.23 and 4.25.

4.4.2

Algorithm Features

MARE2DEM is designed with the flexibility to address a variety of 2-D EM inversion problems (Key, 2016). It allows for the simulation of various survey geometries, whereas the EM receivers and transmitters can be located anywhere on
the land, sea or seafloor (Key and Ovall , 2011; Key, 2016). The resistivity structure can be modelled as isotropic, transversely isotropic or triaxially anisotropic,
whereas each free parameter can be assigned with unique bounds and prejudice
(any deviation from an a priori background value is penalised) values if required
(Key, 2016). MARE2DEM efficiency is manifested by its ability to compute the
adjoint solutions using the same adaptively refined mesh, as generated by the forward solution for Ê (wavenumber domain of the electric field). Also, MARE2DEM
offers several MATLAB tools, enabling to plot the output CSEM inversion models, explore their responses for any transmitter-receiver pairing at each frequency,
evaluate the normalized residuals, and superimpose a seismic reflection section on
the resistivity model for imposing seismic constraints (Key, 2016).

4.4.3

Seismic Constraints

CSEM inversion can include seismic constraints by the use of a seismically weighted
regularization operator such as the Rsmgs (e.g., Zhdanov , 2002). Based on structural similarities, this regularization operator can be set to relax across seismically
defined interfaces (Wiik et al., 2015), allowing for a discontinuity to appear if one is
favoured by the data, thus leading to resistivity models with sharp contrasts. Fig-
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ure 4.2 shows an example of a CSEM inversion that is constrained by a structurally
driven seismic horizon (such as the BSR associated with gas hydrates). Across the
seismic horizon, the weighting applied to the smoothing term Rm of the inversion
is removed, and therefore, any roughness in the model across this seismic interface
will not be penalised. In MARE2DEM this is referred to as ‘penalty cut weight’,
which can be adjusted in Mamba2D.

seafloor

Penalty cut
weight = 1

Penalty cut
weight = 0

Figure 4.2: An example of CSEM inversion constrained by a seismic horizon. The
blue dots are the midpoint between adjacent mesh triangles, each assigned with the
default penalty cut of 1. The white line denotes the constraining seismic horizon,
whereas the connective blue dots (within black circles) along this line are assigned
with a penalty cut of 0. Figure modified from Brown (2012).
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Figure 4.3: CSEM inversion constrained laterally and vertically by seismic reflection and Vp information. (a) 1 Ωm half-space model extends from south to north
across the CNE03 pipe-like structure. The resistivity model is superimposed by
high-resolution 2-D seismic reflection and Vp data. The white lines represent the
seismic interfaces used to constrain the pipe-like structure. The blanking zone
within CNE03 is constrained laterally, and the BGHSZ is constrained vertically.
(b) The model shown in (a) with the addition of triangular mesh elements. The
size of each mesh element is 30 m.
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In this study, the seismic constraint scheme is based on high-resolution 2-D
seismic reflection data (Exley and Westbrook , 2006; Westbrook et al., 2008b) and
supported by 3-D seismic tomography (Plaza-Faverola et al., 2010a), as shown in
Figure 4.3. This seismic information enabled us to delineate the CNE03 pipelike structure, by constraining both the base of the gas hydrate stability zone
(BGHSZ) and the vertical boundaries of the pipe-like structure, as inferred by
the pull-up reflections observed at the flanks of the seismic blanking zone. These
structurally driven constraints coincide with the high P-wave velocity (Vp ) observed
at the lower part of the CNE03 pipe-like structure (Figure 4.3a). The results of
the seismically constrained CSEM inversions performed here are presented and
discussed comprehensively in Chapter 5.
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Summary

Deep sea pockmarks underlain by chimney-like or pipe structures that contain
methane hydrate are abundant along the Norwegian continental margin. In such
hydrate provinces the interaction between hydrate formation and fluid flow has
significance for benthic ecosystems and possibly climate change. The Nyegga region, situated on the western Norwegian continental slope, is characterized by an
extensive pockmark field known to accommodate substantial methane gas hydrate
deposits. The aim of this study is to detect and delineate both the gas hydrate and
free gas reservoirs at one of Nyegga’s pockmarks. In 2012, a marine controlledsource electromagnetic (CSEM) survey was performed at a pockmark in this region,
where high-resolution three-dimensional seismic data were previously collected in
2006. Two-dimensional CSEM inversions were computed using the data acquired
by ocean bottom electrical field receivers. Our results, derived from unconstrained
and seismically constrained CSEM inversions, suggest the presence of two distinctive resistivity anomalies beneath the pockmark: a shallow vertical anomaly at the
underlying pipe structure, likely due to gas hydrate accumulation, and a laterally
extensive anomaly attributed to a free gas zone below the base of the gas hydrate
stability zone. This work contributes to a robust characterisation of gas hydrate
deposits within sub-seafloor fluid flow pipe structures.

5.2

Introduction

Methane hydrates are ice-like crystalline solids composed of water and gas that
may form in marine sediments where a biogenic or thermogenic methane source
is available, and remain thermodynamically stable under high-pressure and lowtemperature conditions (Kvenvolden et al., 1993; Kvenvolden, 1998; Sloan and
Koh, 2007). Hydrate deposits are typically located between the seafloor and maximum depth extent of 135–1000 metres below seafloor (mbsf), within water depths
that range from 400–4500 m (Kvenvolden, 1988, 1993). Estimates for the global
inventory of submarine gas hydrate fall in the range ∼500–3000 GtC (Buffett and
Archer , 2004; Milkov , 2004; Archer , 2007), later updated to about 1000 GtC
(Archer et al., 2009). More recent estimates based on transfer function models
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suggest a worldwide inventory of biogenic hydrate in marine sediments that ranges
between ∼455 and 550 GtC (Wallmann et al., 2012; Pinero et al., 2013). Regarding the global recoverable quantity of marine hydrates, Boswell and Collett
(2011) propose gas–hydrate–bearing sands as the most favourable target for energy
extraction, with a volume on the order of ∼15 GtC (∼3x1014 m3 ). In the Arctic,
dissociation and release of gas hydrate to the atmosphere would likely enhance
global warming (Nisbet, 1989; Hunter et al., 2013), and may even contribute to
seabed destabilization and large–scale slope failure (Mienert et al., 2005).
The detection of gas hydrates deposits is normally achieved by evaluating seismic data attributes such as: a bottom simulating reflector (BSR) (e.g., Shipley
et al., 1979; Singh et al., 1993; MacKay et al., 1994), a columnar seismic blanking
zone (CSBZ) (e.g., Wood et al., 2000a; Riedel et al., 2002; Boswell et al., 2015) or a
high P-wave seismic velocity (Vp) (e.g., Yuan et al., 1996; Fink and Spence, 1999).
The BSR amplitude is often related to an underlying free gas zone that increases
the acoustic impedance contrasts between sedimentary layers, which are partially
hydrate and water-saturated, and partially gas-saturated (Singh et al., 1993; Minshull et al., 1994). A CSBZ is characterized by a sharp decrease in seismic amplitude, resulting from either the presence of shallow carbonate, free gas bubbles
within fractures or accumulations of hydrate (Riedel et al., 2002). In most cases,
hydrates have no distinctive seismic reflectivity signature from within the hydrate
zone. Therefore seismic reflection data alone are insufficient for the quantification
of gas hydrate deposits (Edwards, 1997; Weitemeyer et al., 2011). Similar to ice,
methane hydrates are electrically resistive (Edwards, 1997) compared to seawater
and, thus, detectable by electromagnetic (EM) methods when occupying sediment
pore space. The marine controlled-source electromagnetic (CSEM) technique has
proven to be a promising geophysical method for the detection and evaluation of
gas hydrate reservoirs (Schwalenberg et al., 2005; Weitemeyer et al., 2011). Coincident interpretation of seismic and electromagnetic data may allow us to distinguish
between high resistivity with high P-wave velocity anomaly (hydrates) and high
resistivity with low P-wave velocity anomaly (free gas).
Offshore mid–Norway, the Nyegga region is known to accommodate about
415 pockmarks (Hustoft et al., 2010), presenting a broad range of bathymetric variations that are viable habitats for faunal communities (Hovland and
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Svensen, 2006; Paull et al., 2008; Ivanov et al., 2010). The chimney and pipe
structures beneath these pockmarks are estimated to contain a mean value of
710 GSm3 (GSm3 = 109 standard cubic metres; 85 trillion cubic feet; equivalent to
15 million barrels of oil) of gas hydrates, that is spread over a broad region; with a
resource density in the range of 0.08 GSm3 /km2 to 0.64 GSm3 /km2 (Senger et al.,
2010). From the reasons mentioned above, the Nyegga region was chosen for this
particular study.

Figure 5.1: A map showing the CSEM survey layout along the CNE03 pockmark.
Eight UoS OBEs deployed around the CNE03 pockmark. Survey lines 1–4 were
conducted above the OBEs, using the DASI transmitter and the Vulcan receiver.
Bottom right map: The location of the Nyegga region, bounded by the Vøring
plateau and Møre basin.
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In 2012, we performed a CSEM survey at one of Nyegga’s pockmarks, named
CNE03 (Figure 5.1). The purpose of this study is to delineate both the gas hydrate
and free gas reservoirs within and below the pipe structure that lies beneath this
pockmark. Here we present the resistivity structure beneath CNE03 derived from
2.5-D CSEM unconstrained, seismically constrained and synthetic inversions in
order to interpret this structure in conjunction with high-resolution 3-D seismic
tomography from previous work by Plaza-Faverola et al. (2010a, 2012). This paper
offers a qualitative interpretation of the results and will be followed by a second
paper that will focus on quantitative analysis, using rock physics measurements of
core samples from CNE03 and joint elastic–electrical models to determine the gas
hydrate saturation at this pipe structure.

5.3

Geological Setting

The Nyegga region is situated at 64◦ N, 5◦ E along the mid-Norwegian continental
margin (Figure 5.1) in water depths of 700–800 m, with a regional seabed slope of
1◦ (Hovland et al., 2005; Plaza-Faverola et al., 2010a). Nyegga lies at the northern flank of the Storegga slide, in the southeast part of the Vøring Plateau at
the border between the Vøring and Møre sedimentary basins (Bünz et al., 2003;
Brekke, 2000). This area was formed by a series of rifting episodes that began in
the Late Jurassic / Early Cretaceous around the Vøring and Møre basins, which
led to a continental break–up by the Late Palaeocene / Early Eocene (Brekke,
2000). Glacial-interglacial climate cycles have predominately shaped the depositional environment of this continental margin (Dahlgren et al., 2002; Kjeldstad
et al., 2003).
The spatial extent of the Nyegga region is 200 km2 (Bünz et al., 2003), where
pockmarks resulting from fluid expulsion (Judd and Hovland , 1992; Plaza-Faverola
et al., 2011) were detected along the seabed (Bouriak et al., 2000; Bünz et al., 2003;
Hovland et al., 2005; Hovland and Svensen, 2006), with varying bathymetry up to
300 m wide and 12 m deep (Bünz et al., 2003; Plaza-Faverola et al., 2012). These
pockmarks are often underlain by chimney-like or pipe structures (Berndt et al.,
2003) that are caused by vertical fluid movement (Bouriak et al., 2000; PlazaFaverola et al., 2011). As previously described by Andresen (2012) and Karstens
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and Berndt (2015), we use the term chimney-like structure for large dimension
diffuse vertical seismic anomalies (that have scattered complex shape, indistinct
vertical edges and internal architecture). We use the term pipe structure for more
sharply bound vertical seismic anomalies, which present internal upward deflection of seismic reflectors. The Nyegga chimney-like and pipe structures originate
at different depths and connect to the top of the Miocene / Early Pliocene Kai
Formation (Sejrup et al., 2005; Eidvin et al., 2007) via polygonal faults (Berndt
et al., 2003). They may reach the seafloor or terminate within the Plio/Pleistocene
Naust Formation (Bünz et al., 2003; Berndt et al., 2003).
The CNE03 pockmark features a central crater at the seafloor that is underlain
by a pipe structure, assumed to accommodate high hydrate concentration (Chen
et al., 2011). At CNE03, free gas from deep reservoirs is inferred to migrate vertically into the gas hydrate stability zone (GHSZ) via polygonal faults and fractures
(Plaza-Faverola et al., 2010a) and forms hydrate in veins (Hornbach et al., 2004;
Jain and Juanes, 2009). Additionally, water with methane in solution continues
to propagate upward, forming small amounts of hydrate and authigenic carbonate
near the seafloor (Foucher et al., 2009), both of which are electrically resistive. The
pipe diameter is ∼200 m at the seabed and ∼500 m along the inferred base of the
gas hydrate stability zone (BGHSZ) at 230 mbsf (Bünz et al., 2003; Plaza-Faverola
et al., 2010a). At pockmarks 10 km away from CNE03, based on core samples,
hydrate was found preferentially along the bedding planes and fractures (Mazzini
et al., 2006; Ivanov et al., 2007). It is likely that gas hydrates at CNE03 are predominantly fracture filling due to the low permeability of the glacial-interglacial
muddy sediment deposits found in this region (Bünz et al., 2003; Westbrook et al.,
2008b; Jain and Juanes, 2009).

5.4
5.4.1

Methods
Marine CSEM Survey

Gas hydrate targets are commonly located in the top few hundred metres below
the seafloor. They are predominantly manifested by a resistivity contrast of a few
Ωm increase compared to the background resistivity (Collett et al., 1998). Con-
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sequently, the marine controlled-source electromagnetic (CSEM) technique (Constable et al., 1998; Constable, 2006; Key, 2012a) was modified to use higher transmitted frequencies and a fixed offset three-axis electric field receiver, to extend the
CSEM capability to detect shallow and subtle resistivity anomalies with high resolution (Weitemeyer and Constable, 2010). CSEM sounding is highly sensitive to
volumetric changes in resistivity (Edwards, 2005; Constable, 2010), mainly related
to pore fluid properties; therefore, it can detect robustly fluid migration pathways
and quantify porosity (Harris and MacGregor , 2006; MacGregor and Tomlinson,
2014; Naif et al., 2015).
Our CSEM survey was conducted using the University of Southampton (UoS)
CSEM system along with the GEOMAR CSEM system. In this paper, we discuss
the results derived from the raw data acquired by the UoS system. The UoS CSEM
survey included three types of equipment: a deep-towed active source instrument
(DASI) transmitter (Sinha et al., 1990), ocean bottom electrical field receivers
(OBEs) (Minshull et al., 2005), and a fixed-offset towed three-axis electric field
receiver (Vulcan) (Weitemeyer and Constable, 2010; Constable et al., 2012, 2016).
The DASI transmitter generates an electric current dipole to create a time-varying
electromagnetic field that diffuses through the seawater and the seafloor. The returning secondary EM field is then recorded by the OBEs and Vulcan instruments.
In this survey DASI transmitted an 81 Ampere square wave AC output current at
a frequency of 1 Hz along a 100 m horizontal electric dipole (HED), generating a
source dipole moment of 10.3 kAm. DASI’s position was tracked by Posidonia, an
ultra-short baseline (USBL) acoustic navigation system. An altimeter was used to
monitor the altitude of DASI from the seabed. A conductivity, temperature, and
depth device (CTD) provided continuous measurement of the water conductivity
and DASI’s depth.
Eight OBEs recorded the horizontal electric field data at a sampling frequency
of 125 Hz, using electrodes placed on each end of two 12 m long horizontal perpendicular dipoles. OBEs 1-6 and 8 were mounted with previously used Ag-AgCl
electrodes while OBE s07 was equipped with a new set of electrodes for the purpose
of testing, which resulted in unusable data and, therefore, the data were discarded.
The 8 OBEs were deployed (from ∼20 m altitude) on the seabed using a Posidonia
acoustic release attached to the ships CTD cable. The seabed positions of OBEs
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s04, s05, s06 and s07 were determined by the USBL acoustic navigation system
while those of OBEs 01, s02, s03 and s08 were determined by the ship navigation
system (due to USBL malfunction). Four OBEs were deployed within the central
zone of CNE03 (s02, s03, s04, s07 – spaced from each other by ∼200 m) and the
other four (s01, s05, s06 and s08) were placed at 1.5 km distance from the pockmark centre (Figure 5.1). This particular survey layout was designed to correspond
with the 3-D tomographic seismic survey layout that was previously performed at
CNE03 (Westbrook et al., 2008b). The DASI transmitter and Vulcan (towed 300 m
behind DASI’s antenna) were flown approximately 50 m above the seafloor at an
average speed of 1.5 knots along 5 survey lines (Figure 5.1, survey line 5 not shown,
only Vulcan data were acquired along that line). The interpretation of the Vulcan
dataset is beyond the scope of this paper, however these data were used here to
correct the drift in the transmitter clock.

5.4.2

CSEM Data Processing

To assess and interpret the data in the frequency domain the time series data
were processed into the frequency domain using the procedure detailed in Myer
et al. (2011) and summarized here. The CSEM data were fast Fourier transformed
using time windows of 1 s to give amplitude and phase data in the frequency
domain. Corrections were applied to the OBEs clock drift (<1 ms/day). The
data were then stacked over 60 s intervals to increase the signal-to-noise ratio.
Finally, the transmitter and receivers navigational information was merged with
the stacked data. The navigation of DASI and the OBEs were obtained using the
USBL system and ship positioning as described in section 5.4.1. We applied Key
and Lockwood (2010) orthogonal procrustes rotation analysis (OPRA) inversion
technique to calculate the orientation of the OBE dipoles (Table 5.1).
Myer et al. (2011) processing method was customized here to account for limitations in the data that were imposed during the acquisition stage. First, a significant
drift in the crystal clock of DASI led to a drift in phase. A drift rate of ∼85 ms/day
was used to correct for the phase drift of the transmitter. This phase drift was determine by flattening the Vulcan phase data where there are background sediments.
Second, the absolute phase was not recorded and the transmitter was switched off
at the end of each survey line. Therefore, static phase offsets were corrected for
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each of the towlines as derived from a comparison of the phase data with synthetic phase derived from half-space 1D forward models. The recorded electric
field data saturated at 10−9 VA−1 m−2 within a transmitter (Tx)–receiver (Rx)
range of ∼1 km, due to the high gain of the OBE pre-amplifier. The electric field
noise floor at 1 Hz (the fundamental frequency) is approximately 10−13 VA−1 m−2 ,
and the DASI signal drops below this value at a Tx-Rx range of ∼3500 m.

Table 5.1: A table listing the Ex and Ey dipole arms orientation. The uncertainty
in dipole arms orientation is . 2◦ .
OBE
s01
s02
s03
s04
s05
s06
s08

5.4.3

Ex orientation
147◦
132◦
359◦
276◦
356◦
38◦
202◦

Ey orientation
237◦
222◦
89◦
6◦
86◦
128◦
292◦

Uncertainty Analysis and Error Structure

Uncertainties in CSEM data can emerge partially from measurement noise and
from errors in the position and orientation of both the transmitter and receivers
(Myer et al., 2012a,b). Any errors in geometry will alter and ultimately bias the
derived resistivity model. Thus, a well-constrained transmitter and receiver geometry is imperative to achieve a reliable interpretation of the data (Weitemeyer
and Constable, 2014). In this survey, the transmitter dip was not recorded, therefore, we assumed a dip of 0◦ , based on the relatively flat bathymetry in the survey
area. To obtain the positions of the instruments, the USBL navigation system
uses a sound velocity profile of the water column. Failing to use a sound velocity
obtained from the survey area may lead to errors in positions of both the transmitter and receivers. Here, the USBL system used a uniform water velocity profile
(1500 m/s) rather than a stratified one, which led to a tolerable uncertainty in
DASI position (mean error of ∼3.5 m). This error was calculated by comparing
the USBL measured depth using constant water velocity to a calculated depth assuming stratified velocity profile. To account for uncertainties in the positions of
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the receivers (see section 5.4.1), we applied relative positional shifts to the OBEs
as detailed in Table 5.2. The required shifts were determined by iteratively comparing between the OBE data and synthetic electric field data derived from 1D
half-space forward models.
To validate the applied OBE shifts we compared inversion results for unshifted
receivers and shifted receivers and found that the applied OBE shifts insignificantly
alter the final model, but reduced the conductive anomalies beneath the OBEs,
improved the model smoothness and lowered the final RMS. We applied the OPRA
inversion (Key and Lockwood , 2010) to the 1 Hz data acquired by the OBEs along
survey lines 1 and 2, in order to resolve the orientations of the OBE dipole arms
(Table 5.1). The inversion required 20 iterations to fit most of the data to RMS
misfit of 1.5, using an error floor of 5 per cent. When comparing between line 1
and line 2 OPRA inversions for the same OBE, the difference in orientations was
in all cases .2◦ .

Table 5.2: A table listing the shift in position that were applied to the OBEs in
order to achieve a symmetric distribution of the in-tow / out-tow data over the 1D
forward models.
OBE
s01
s02
s03
s04
s05
s06
s08

Obtained position
Ship at drop location
Ship at drop location
Ship at drop location
USBL system
USBL system
USBL system
Ship at drop location

Position shift
-13 m to South, +5 m to East
-15 m to South, +8 m to East
No shift required
No shift required
+5 m to North, +7 m to East
-6 m to West
+14 m to East

The Occam inversion algorithm weights all data by their errors, therefore choosing a sensible error structure is almost as important as the dataset itself (Constable
et al., 2015). Here, the inversions were assigned a fixed error structure for the
amplitude, derived from the estimated geometric uncertainties and random noise
error. The phase error structure was calculated using: δφ = δr/r ∗ 180/π; where
δφ represents the uncertainty in phase, δr is the amplitude uncertainty, r is the
amplitude and the last factor converts radians to degrees (Key, 2009). An efficient
method to estimate the error structure is by assessing the uncertainty of each posi-
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tion parameter using perturbation analysis (Myer et al., 2012a). This analysis uses
the navigated Tx and Rx geometries along with 1D forward modelling code (Key,
2009), to yield a varying error structure derived from the uncertainty in data as a
function of the inline / crossline component, range and frequency. In this study,
we applied a perturbation analysis to back calculate the geometric uncertainty of
each Tx and Rx position parameter. This analysis indicates that the uncertainty
values are: Rx orientations ±2◦ , Tx dip ±1◦ , Tx azimuth ±3◦ , Tx altitude ±3 m,
inline range ±4 m, and crossline range ±7 m. Geometry-driven uncertainties are
not equal in amplitude and phase. Thus, some uncertainties may produce errors in
phase that are smaller than the errors in amplitude (Myer et al., 2012a). Therefore
inverting the data decomposed into amplitude and phase is preferable to using real
and imaginary parts with equal errors, which may suppress some of the accuracy
available in the phase (Myer et al., 2012a,b). Here, we used an average value of
4% for the errors in amplitude and 2.29◦ for the errors in phase.

5.4.4

Properties of the 2.5-D CSEM Inversion

For the 2.5-D CSEM inversions, Key and Ovall ’s (2011) MARE2DEM inversion
code was applied. MARE2DEM is a parallel goal-oriented adaptive finite element
solver to compute solutions in terms of 2.5-D models for multifrequency CSEM
responses, with a high level of accuracy (Key and Ovall , 2011). MARE2DEM is
conceptually based on the regularized non-linear Occam’s inversion method (Constable et al., 1987), that seeks the smoothest model that fits the data within a
specific target misfit tolerance. To balance between the model smoothness and
misfit, the Occam approach utilizes a Lagrange multiplier that is an optimization
parameter, updated at each inversion iteration.
Our inversion starting model included a 1012 Ωm air layer, 13 fixed parameters
of the stratified water column with seawater resistivity values ranging between
0.2669 Ωm (at the sea surface) and 0.3389 Ωm (near the seafloor), and 1 Ωm
for the sub-seafloor resistivity. The seawater resistivity values were derived from
the conductivity data acquired by the CTD instrument (mounted on DASI). Constructing a starting model using a fine grid of finite element triangles in the shallow
sub-seafloor, enhances the model ability to handle more complex structures and
reduces the inversion total run time (Key and Ovall , 2011). For the sub-seafloor
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structure, we applied a finely discretized model mesh (to avoid large jumps in resistivity), with a Delaunay triangulation grid as follows: 30 m triangle size from
∼720 m to 1 km below sea-surface (the top 300 mbsf), 60 m triangle size between
1–1.5 km, 90 m triangle size between 1.5–2 km, 120 m triangle size between 2–
2.5 km and 150 m triangle size from 2.5 to 3 km below sea-surface. Outside of the
discretized mesh boundaries, the triangular element size increases with growing
distance from the area of interest. This starting model meshing scheme resulted
in 8000–13000 free parameters, depending on the length of the towline. In this
study, for the real data inversions we used a half-space model with 1 Ωm as the
starting model, while for the synthetic and prejudiced inversions, we constructed
various a priori models that were implemented as our starting models. When the
sub-seafloor resistivity of the starting model is much lower than that of the true
model, inversion using linearly-scaled data forms may lead to flat misfit curves (no
minimization of the misfit with successive iterations due to misfit saturation), a
behaviour that can prevent model convergence (Wheelock , 2012). This behaviour
does not happen when inverting the phase and log-scaled amplitude data since the
normalized residuals will grow larger, which in turn will guide the inversion away
from poorly fitting models (Key and Ovall , 2011). Therefore, we ran our inversions
using phase and logarithmic amplitude data, which stabilize better and converge
faster to a solution than inversions that uses real and imaginary components or
linear amplitude and phase data (Wheelock et al., 2015).
To obtain the ideal inversion model, we aimed for the lowest possible RMS
target misfit while seeking for a combined criteria of model smoothness and geological plausibility. Starting from a 1 Ωm half-space model the data were inverted
several times to different RMS target misfit that were between 0.5 and 1.5. We
found that our preferred model is the smoothest one achieved before reaching the
overfit model. Our preferred model had a target misfit of 0.9. This target misfit
that is only slightly lower than the expected value of unity suggests that our error
estimates were reasonably successful and, therefore, a 2-D model approximation is
sufficient to fit the data (Constable et al., 2015). For this paper, we ran approximately three hundred 2.5-D CSEM isotropic and anisotropic, unconstrained and
seismically constrained inversions, while applying various model parameterizations
(Table 5.3), to seek for the optimum inversion model parameterization for this spe-
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cific dataset that yielded a structurally sensible final model. We favoured solutions
that produced the minimum necessary structure to fit the data, thus implementing
Occam’s razor (Myer et al., 2015).

Table 5.3: Parameterization of the 2.5-D CSEM inversions, applied by the
MARE2DEM inversion code (Key and Ovall , 2011).
Inversion parameter
Amplitude error
Phase error
RMS misfit target
Spatial Horizontal/Vertical weight
Anisotropy penalty weight
Penalty cut weight

5.5
5.5.1

Value
4%
2.29◦
0.9
3
0.1
0.1

Results
Isotropic 2.5-D CSEM Unconstrained Inversions

The isotropic 2.5-D multifrequency (1, 3, 5, 7, 9, 11 Hz) unconstrained smooth
inversion results for the south (S) to north (N) survey line 1, and north-west
(NW) to south-east (SE) survey line 2 are shown in Figure 5.2a. Both inversions
resolved the same anomalously resistive features beneath the CNE03 pockmark.
The 2.5-D inversion for line 1 shows a resistive feature of ∼3 Ωm that is located
between receivers s03 and s04. The ∼3 Ωm resistivity anomaly that stretches
from the seafloor (∼724 m below sea level) to a depth of ∼270 m (∼1000 m from
sea surface), within the GHSZ. This delineates a typical pipe structure, suggested
to contain gas hydrate vertically beneath the location of the CNE03 pockmark
(Westbrook et al., 2008b; Plaza-Faverola et al., 2010a, 2012). Below the BGHSZ,
located roughly at 1.1 km depth, a ∼150 m thick horizontal resistive anomaly is
present (Figure 5.2a), which indicates free gas accumulation (Plaza-Faverola et al.,
2010a).

5.5. Results

s02 s03 s04

1

1

BGHSZ

1.5

2

2.5

0
7180599N
598491E

2
7182599N
598491E

3
7183599N
598491E

4
7184599N
598491E

s03 s02

5
7185599N
598491E

s08

SE

BGHSZ

1.5

RMS misfit traget: 0.9
RMS misfit achived: 0.8952
Iterations: 5
Roughness: 0.313

2.5

0
1
2
3
4
5
6
7183999N 7183592N 7183186N 7182779N 7182372N 7181966N 7181559N
595403E 596316E 597230E 598144E 599057E 599971E 600884E

Distance (km)

Distance (km)

(c)

CNE03
s06

2

RMS misfit traget: 0.9
RMS misfit achived: 0.8961
Iterations: 5
Roughness: 0.387

1
7181599N
598491E

Line 2
NW

N

s05

3
LINE 2

LINE 1

2.5

s05

s06

2

Depth (m)

CNE03

s01

1.5

s08

Possibly
additional
pockmarks

Northing (km)

1

Resistivity (Ωm)

Depth (km)

(b)

CNE03

Line 1
s01
S

Depth (km)

(a)

70

0.5

Easting
(km)
Easting
(km)

Figure 5.2: (a) Line 1 unconstrained smooth isotropic inversion. (b) Line 2 unconstrained smooth isotropic inversion. The circles represent OBE sites. The inferred
depth of the BGHSZ situated slightly under 1 km below sea–surface taken from
Plaza-Faverola et al. (2010a). (c) Fence diagram showing inversion results for towlines 1 and 2. The CNE03 pipe structure observed at the towlines intersection.
Towline 2 south-east shallow resistor is likely to be interlinked with the deeper
resistor below the BGHSZ.
The region beyond ∼1.7 km depth shows a large and laterally extensive resistor,
which might be either a free gas zone (FGZ) that is the source of gas feeding the
upper structure, or an artefact resulting from inversion insensitivity below this
depth. The line 2 isotropic smooth inversion (Figure 5.2b) shows a similar trend
to that observed in line 1; a resistive pipe structure beneath CNE03 that is slightly
skewed to the southeast, narrower and deeper (∼1.1 km depth) than the one present
in line 1 inversion. The intersection between line 1 and line 2 adequately locates
the pipe structure at CNE03, as imaged by both lines (Figure 5.2c). Line 1 and 2
isotropic inversions were converged to a target misfit of 0.9 after 5 iterations while
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producing very smooth resistivity models (low roughness values).
Shallow conductive anomalies are observed beneath the receivers shown in Figures 5.2a,b. We do not interpret these anomalous areas as we believe they are
inversion artefacts. We were unable to determine the absolute cause, however a
phase only inversion did not exhibit the conductive anomaly below each OBE suggesting the issue is embedded in the amplitude data. Inversions with different dip,
OBE shifts, and seawater resistivity all resulted in a main resistive pipe structure
observed beneath the CNE03 pockmark and so this is a feature required by the
data. To determine the horizontal and vertical sensitivity of the inversions, we ran
various synthetic and prejudiced inversions, which are presented in section 5.5.5.
In a CSEM unconstrained smooth inversion, subtle resistors that are unassociated with a seismic blanking zone or acoustic pipes might be the result of a
smearing effect due to the diffusive nature of the EM field. Such subtle resistors
are observed above the BGHSZ in line 1 unconstrained inversion (Figure 5.4a),
that besides artefacts may also indicate low saturations of hydrate. To resolve this
ambiguity and better constrain the pipe structure at CNE03, we performed seismically constrained inversions (section 5.5.2), using both the seismic reflection data
and a smooth Vp model that we constructed (section 5.5.3) using Plaza-Faverola
et al. (2010a) layered Vp model.

5.5.2

3-D Seismic Tomography

Resistivity anomalies due to hydrate and free gas in a pockmark pipe structure
can be distinguished by considering the seismic velocity contrast between the highvelocity zone (HVZ) due to hydrate and the low-velocity zone (LVZ) due to gas,
where the HVZ–LVZ boundary is indicative to the BGHSZ location. Travel time
tomography seeks to resolve the subsurface velocity model that best satisfies the
travel times of seismic waves that propagate through the subsurface (Plaza-Faverola
et al., 2010a).
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Figure 5.3: Vp models of the CNE03 chimney structure. (a, b) Layered and smooth
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fence diagram showing smooth Vp model of line 1, line 2 and the BGHSZ horizon.
The tomographic inversion was implemented using data from both single channel
seismic (SCS) and 16 ocean bottom seismic (OBS) recorders (Plaza-Faverola et al.,
2010a).
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The layered Vp model for the CNE03 pockmark (Plaza-Faverola et al., 2010a)
was created using TomoInv, a pre-stack travel time tomography software, developed at Institut Français du Pétrole (Delbos et al., 2001, 2006). Here we present
two representations of the CNE03 pockmark Vp model, the original layered representation and a smoothed version (Figure 5.3).
We show planar slices through the velocity model that correspond to the cross–
lines (line 1 and 2) of the CSEM survey. The smoothed version was built using
a Gaussian filter with an effective filter width of ∼5 m in the x/y-direction and
∼50 m in the z-direction. The dimensions of this particular filter were chosen by
gradually increasing the smoothing scale until minimal discontinuity between the
layers was achieved. Both Vp representations (line 1, S to N, and line 2, NW to SE)
start at the seafloor (∼727 m below sea-surface) and extend to a depth of 1050 m
below sea-surface. The velocities in the first and the second layer (727–750 m, and
750–800 m) are poorly constrained at the chimney interior and the flanks, due to
a low density of seismic–ray impact points in this region (Plaza-Faverola et al.,
2010a). The model shows an increased seismic velocity along the pipe structure
compared with the surrounding strata, most probably resulting from the presence
of hydrate in the pores of the host sediments within the GHSZ (Figures 5.3a,c).
In the line 1 Vp model at ∼1000 m, a decrease in seismic velocity is observed
(Figures 5.3a,b) that coincides with the location of the inferred BGHSZ. This
decrease in P-wave velocity is attributed to a free gas layer that lies below the
BGHSZ. In the line 2 Vp model (Figures 5.3c,d), the highest velocity region is
elongated, extends deeper than the equivalent zone in line 1 and is slightly tilted
towards the east, which is consistent with the pipe resistivity anomaly at CNE03,
as shown in Figure 5.2b. The high Vp regions of both lines are located beneath the
CNE03 pockmark (Figure 5.3e). East of CNE03 high velocities exist immediately
above the BGHSZ, whereas low velocities appear west of CNE03 (Figure 5.3e).

5.5.3

Seismically Constrained 2.5-D CSEM Inversions

Our isotropic CSEM unconstrained inversion results for both line 1 and line 2 corendered with the corresponding seismic reflection sections, present a reasonable
fit between the seismic blanking zone of the CNE03 pipe structure and the vertical resistive anomaly (Figures 5.4a,b). To improve the unconstrained inversion
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results for line 1 and line 2, we constrained them with seismic information. In a
seismically constrained CSEM inversion, the structural smoothing regularization
enables any seismically derived stratigraphic attribute to constrain the EM data,
thus yielding a refined and geologically realistic final model (Wiik et al., 2015). In
our seismically constrained inversions, the regularization is relaxed across seismically defined interfaces, thus enabling a discontinuity to appear if one is favoured
by the data. Our seismic constraint scheme here is primarily based on the seismic reflection data and supported by the 3-D seismic tomography. The seismic
reflection sections were acquired using a mini-GI-gun and a two-channel seismic
streamer (Exley and Westbrook , 2006; Westbrook et al., 2008b).
5.5.3.1

CNE03 Pipe Structure Delineation

The upper pipe structure of CNE03 was constrained using the seismic reflection
data, by tracing the vertical blanking zone slightly beyond the pull-up reflections
(Figures 5.4c,d). The lower part of the pipe structure below 820 m depth was
constrained horizontally by the vertical boundaries of the blanking zone and the
coincident high P-wave velocity in that zone which supports the presence of hydrates. The CSEM inversions were constrained also across the inferred BGHSZ
horizon, as shown in Figures 5.4c,d. These constrained inversions successfully
aligned the vertical resistivity anomalies with the columnar seismic blanking zone
(Figures 5.4e,f).
The line 1 constrained inversion shows that the pipe structure boundaries
properly confine the anomaly that stretches continuously from the seafloor to
the BGHSZ (Figure 5.4e). This result contrasts with the unconstrained inversion where the anomaly magnitude decreases at ∼900 m (Figure 5.4a), and the
Vp model where anomalously high velocities start to appear only from ∼100 mbsf
(Figure 5.3b). The pipe structure is ∼200 m wide and ∼290 m in vertical length.
Resistivity features above and below the BGHSZ were significantly decoupled by
the constrained inversion, as seen by the sharp contrast in resistivity across the
BGHSZ. This decoupling suggests that the subtle resistors observed above the
BGHSZ in line 1 unconstrained inversion are more likely to be artefacts caused by
the inversion smoothing rather than hydrate deposits. However, in the constrained
inversion a moderate resistor remained in the area located between the BGHSZ
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and the outer southern part of the pipe structure (Figure 5.4e). To determine if
this resistive area is an artefact or a real geological feature, we applied a forward
model based on line 1 constrained inversion final model.
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Figure 5.4: A comparison between unconstrained and seismically constrained 2D CSEM inversion. Both the unconstrained and constrained inversions are co–
rendered with the corresponding seismic reflection sections. (a, b) Line 1 and 2
unconstrained inversions. (c, d) Vp models of line 1 and 2, the area within the
white lines, represent the constrained region applied in the seismically constrained
inversions. (e, f) Line 1 and 2 seismically constrained inversions. To acquire the
seismic reflection sections, a GI-gun source and a seismic streamer with three 25 m
long active parts (carrying 37 hydrophones per section at a spacing of 0.6 m) were
used (Westbrook et al., 2008b).
In this forward model the resistive region deep beneath OBE s02 between the
pipe structure and the BGHSZ, were assigned with the background resistivity.
This forward model significantly degraded the model fit to the amplitude data and
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correspondingly increased the residuals. This result suggests that the moderate
resistive area is a real geological feature, most likely representing a low concentration of hydrate or free gas. From a comparison between line 1 unconstrained and
constrained inversions, no change is observed in the distribution of the resistive
anomalies along the FGZ, though both the pipe structure resistor and the FGZ resistor present higher resistivity values in the constrained inversion (Figures 5.4a,e).
The line 2 unconstrained and constrained CSEM inversions both show two vertical
anomalies that extend from the seafloor to a depth of about 940 mbsf, one at a distance of ∼1.2 km (NE) and a second at ∼5.3 km (SE), as seen in Figure 5.4f. Both
anomalies coincide with several acoustic pipes and subtle blanking zones. These
subtle resistors may indicate the presence of pre–existing fluid pathways or new
emerging ones that have yet to be manifested as pockmarks. In the constrained
inversion, the pipe structure resistive anomaly is well bounded by the columnar
seismic blanking zone, though still slightly tilted from NW to SE (Figure 5.4f).
The resistors in the FGZ, are more extensive than the resistors observed in the
unconstrained inversion (Figures 5.4b,f).
5.5.3.2

Model to Data Fit

The same model parameterization (Table 5.3) is applied for both the unconstrained
and seismically constrained inversions. As for the unconstrained inversions, the
seismically constrained inversions converged as well to a target misfit of 0.9. OBEs
s01 and s05 in survey line 1, as well as s06 and s08 in survey line 2, show a subtle
increase in amplitude at a Tx-Rx offset of ∼1.5 km. These elevations in amplitude
intersect at the exact location of the CNE03 pockmark, thus representing the
underlying pipe structure resistivity anomaly (Figures 5.5a,e). For these seismically
constrained inversions, the fits between the 2-D model and the amplitude and
phase data at the fundamental frequency of 1 Hz are shown in Figure 5.5. All
OBEs achieved a reasonably good model to data fit in both amplitude and phase
(Figures 5.5a,b,e,f), though the 1 Hz normalized residuals systematically increase
at short offsets (Figures 5.5c,d,g,h). The asymmetric structure in the 1 Hz data
residuals suggests it may all be due to transmitter dip, which was not measured.
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An inversion with a transmitter dip of 5 degrees eliminated some of the residuals structure at the short offsets, but did not eliminate the shallow conductive
anomalies beneath each receiver. Furthermore, the final model did not change significantly. This is because errors in navigation are accounted for in our uncertainty
analysis and error budget. The bias in residuals is within the bounds of the error
structure for both the amplitude (4%) and phase (2.29◦ ). At higher frequencies
the normalized residuals are smaller and unstructured, as shown in Figure 5.6 for
OBEs s05 and s08 (all other OBEs presented similar trend). Therefore, the overall
data to model fit is satisfactory.

5.5.4

Anisotropy at CNE03

Thin-layer horizontal sediment grain alignment would most likely result in electrical anisotropy (Ramananjaona and MacGregor , 2010). Seismic anisotropy may
also exist in regions where vertical to sub-vertical, fluid-filled fractures and microcracks are present (Exley et al., 2010). The Nyegga pockmarks region exhibits a
sub-horizontal stratigraphy (Kjeldstad et al., 2003) as seen from extensive seismic
reflection data (Bünz et al., 2003; Berndt et al., 2003; Westbrook et al., 2008b;
Plaza-Faverola et al., 2010a, 2011). The underlying chimney-like and pipe structures cut vertically through the horizontal layers (Bünz et al., 2003; Berndt et al.,
2003; Plaza-Faverola et al., 2011). The geological setting and the presence of upwardly migrating free gas via vertical structures, both increase the probability for
anisotropy at CNE03. Electrical anisotropy is commonly defined as the ratio between the vertical resistivity and the horizontal resistivity and a ratio above 1.5
indicates the existence of significant anisotropy (Werthmüller et al., 2014). Analyzing anisotropic structure by applying isotropic CSEM inversion may provide
biased results that are inconsistent with other datasets such as seismic and well logging (Ramananjaona and MacGregor , 2010). Therefore, accounting for anisotropic
effects may be necessary to accurately describe a given earth structure by a resistivity model. Here we applied a vertical transverse isotropic (VTI) multifrequency
(1, 3, 5, 7, 9 and 11 Hz) CSEM inversion for the data acquired from survey line
1 (Figure 5.7). VTI is also known as TIZ – transversely isotropic perpendicular to the z axis (ρx = ρy 6= ρz , where ρ is resistivity), which is one form of the
conductivity tensor that represents anisotropy (Key and Ovall , 2011).
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Figure 5.7: Survey line 1 CSEM anisotropic inversion. (a) Horizontal resistivity,
(b) vertical resistivity, (d) vertical to horizontal resistivity ratio (ρz /ρy ). The ρz /ρy
ratio presented in both linear and log10 scales. The circles represent OBE sites. The
blue colour represent the areas where ρz > ρy and the red colour shows the areas
of which ρz < ρy . The white colour represent isotropic regions. (c) A comparison
between ρy (red line) and ρz (blue line) vertical profiles. The profiles extracted
from the centre of the pipe structure, horizontally at 2.16 km. Areas where the
profiles overlap represent isotropy.
Spatial variations in our model were penalized (3:1 bias against horizontal versus vertical variation) and the penalty for anisotropy was reduced from 1 to 0.1 as
part of the inversion regularization, thus, enabling the inversion to better resolve
anisotropic anomalies. The conductive anomalies observed below the receivers in
the isotropic models, diminished significantly in the anisotropic vertical resistivity
model (Figure 5.7b). Thus, the anisotropic model offers a slightly better fit to data.
This result supports the notion that a moderate level of anisotropy is present in
the first layer of sediments below the receivers. The vertical resistivity model (ρz )

5.5. Results

81

shows the shallow anomalous resistors as well as the deeper resistor slightly better
than the horizontal resistivity model (ρy ) which resolve poorly the resistivity at
the pipe structure and along the BGHSZ beneath s01 and s02 (Figures 5.7a,b).
The anisotropy ratio ρz /ρy shows that the vertical resistivity is about 1–1.2 times
greater than the horizontal resistivity beneath CNE03 and along the BGHSZ region. From ∼1.3 km downward, ρz /ρy ratio changes such that ρy becomes roughly
1–1.1 times greater than ρz (Figures 5.7c,d).

5.5.5

Sensitivity Analysis using Synthetic and Prejudiced
Inversions

In synthetic model studies where the true model is known, the inversion algorithms
and survey parameters can be examined for their capability to resolve the true EM
structure (Constable et al., 2015; Tseng et al., 2015). To produce reliable synthetic
models, pragmatically it is advisable to introduce simple structures within a homogenous host (Constable et al., 2015). Here, we conducted numerous synthetic
studies aiming to describe the sensitivity and resolution of the 2.5-D inversion to
the real data, and to reveal any false positive resistivity features that are artefacts
introduced by the survey layout or the inversion process. Our synthetic datasets
were constructed using the same frequencies, geometric configuration, data coverage, source navigation and receiver position that were applied to invert survey line
1 real data. We added Gaussian noise to the synthetic datasets equal to the error
structure used for inverting the real data (Table 5.3).
As observed in both the unconstrained and constrained inversions (Figures 5.2
and 5.4), the resistivity anomaly at CNE03 is 1–1.5 Ωm, which is a factor of ∼2,
above the background resistivity of the host sediments. Therefore to assess the inversion resolution for this particular resistive anomaly, we tested layered synthetic
models (resistive to conductive and vice versa) with fine increments of only 1 Ωm
every 500 m (apart from the first ∼250 m layer) extending from the seafloor to a
depth of 3 km, as presented in Figure 5.8. In the case of the conductive to resistive layered synthetic model (Figure 5.8a), the inversion successfully differentiated
between the layers up to a depth of ∼2.5 km, with high sensitivity both vertically
and horizontally (Figure 5.8c).
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The recovery of the last detectable layer (4 Ωm) is mostly satisfactory, while
horizontally the inversion is mainly sensitive to the area between ∼1.7–3.7 km
along the survey line. The inversion was not able to resolve the lowest 5 Ωm
layer (Figure 5.8b). The resistive to conductive layered model (Figures 5.8d–f)
resulted in a laterally varying inversion model though the general layering trend
was resolved by the inversion with only subtle vertical shifts. The deepest layer
(2.5–3 km depth) remained unresolved (Figures 5.8e,f), while the lowest resolved
resistivity is ∼1.6 Ωm, located horizontally between ∼1.5–3.7 km.
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From these synthetic models we conclude that, for this particular dataset, the
inversion is sensitive to depths from the seafloor to ∼2.5 km and horizontally
sensitive from ∼1.5–3.7 km along the survey line. Therefore, we only interpret
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resistivity structures that emerged from the data inversions within this region.
To test the vertical sensitivity inferred by the synthetic models, we inverted line
1 real data with an addition of a “prejudice” conductive (250 m in thickness)
layer positioned between 1.5 km and 3 km in six successive isotropic inversions
(Figure 5.9). In a prejudiced inversion, any deviation from an a priori background
value is penalised. Here, the penalty weight for the prejudice conductive layer was
set to 1.0. In these inversions, our primary assumption is that when the conductive
layer that we forced upon the model is positioned deeper than the maximum depth
of sensitivity, we expect to get a final model that is not affected by the presence of
this prejudiced layer. Hence, a final inversion model that is similar to the real data
model both in structure and model to data fit. When positioned successively at
depths between 1.5–2.25 km, the conductive layer strongly affects the final model,
as implied by the observed oscillatory model and artefact features (Figures 5.9a–c)
compared to the smooth inversion final model (Figure 5.2a).
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No significant changes are observed in the resistivity structure for the three inversions where positioning the conductive layer at 2.25–3 km depth (Figures 5.9d–f).
In the last two inversions (Figures 5.9e,f) the models fits the data just as well
as in the smooth inversions. Thus, we deduce that the inversion has no sensitivity to features that are deeper than ∼2.5 km, the depth at which the prejudiced
conductive layer no longer alters the final inversion model.
Next, we performed a series of synthetic inversions in which resistivity structures observed in line 1 real data inversion were added successively. These synthetic
tests were specifically designed to: (1) distinguish which structures are real and
which are artefacts; and (2) estimate the depth, thickness and extent of the resistor
that gave rise to the lateral resistivity structure (free gas layer) below the BGHSZ
(Figure 5.2a).
First, to mimic the upper resistivity structure seen in the real data inversion,
a synthetic model was constructed containing a 3 Ωm pipe structure embedded
in 1.6 Ωm horizontal layer and a background resistivity of 2 Ωm (Figure 5.10a).
The inversion model successfully resolved the synthetic features, though also added
two subtle artefacts (conductive and resistive) beneath the true upper structure
(Figure 5.10b).
Second, to the synthetic model seen in Figure 5.10a, we added a 3 Ωm horizontal
layer that merges with the primary pipe structure (Figure 5.10c), to mimic the
entire upper structure as seen in the real data inversion (Figure 5.2a). Once again,
the synthetic inversion adequately resolved the whole upper structure and added
two conductive features at ∼1.5 km (Figure 5.10d) that were also observed in
the real data inversion at these particular locations. Therefore, we infer that these
features are artefacts possibly resulting from the inversion smoothing process rather
than real sub–seafloor structures.
Finally, to characterise the free gas layer below the BGHSZ, we alternately
added a 3 Ωm (250 m thick) horizontal resistor at depths 1.75–2.75 km (Figures 5.10e,g,i,k). Only the inversions in which the resistor position was at depths
1.75–2 km and 2–2.25 km produced an extensive lateral resistivity structure (Figures 5.10f,h), similar to the one observed in the real data inversion (Figure 5.2a).
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If the actual position of the free gas layer is deeper than ∼2.5 km, it would have
been undetectable by the real data inversion (beyond the depth sensitivity), as
shown by the synthetic inversion in Figure 5.10l. Therefore, we propose that
the free gas layer that lies beneath CNE03 is about 250 m thick, located between
∼1.75–2.25 km depth and extends horizontally further than the horizontal inversion
sensitivity (>2 km), which is governed by receiver spacing and survey design.

5.6
5.6.1

Discussion
The potential of CSEM data to detect gas hydrate
provinces

CSEM inversion methodologies are inherently non-unique due to the diffusive nature of the electromagnetic field. Such non-uniqueness may lead to interpretation
ambiguity that can be mitigated adequately by integrating all available geophysical data for the purpose of forward, inverse and synthetic modelling (Tseng et al.,
2015). Our 2.5-D CSEM inversions were proven to be effective in detecting resistivity anomalies in the pockmark region. However, these inversions might present
biased results due to their limited lateral and vertical sensitivity and possible artefacts. Here, we demonstrated that by using various synthetic inversions we were
able to determine both the horizontal and depth sensitivity of the inversions, as well
as distinguish between real resistive anomalies and those that are artefacts which
appear beneath the CNE03 pockmark. The magnitude of the main resistivity
anomaly (>3 Ωm) beneath CNE03 that emerged from our inversions is consistent
with the magnitudes found in other gas hydrate exploration studies (Schwalenberg
et al., 2005, 2010; Weitemeyer et al., 2011; Sun et al., 2012). The data here presented moderate sensitivity to the presence of anisotropy at CNE03 though using
EM data solely to determine the level of anisotropy present in the real sub-seafloor
structure is a challenging task (Constable et al., 2015). Therefore, since anisotropy
is not essential to the model to fit the data, we infer that isotropic inversions are
sufficient to describe the resistivity structure that lies beneath the pockmark. Both
the CSEM and the seismic datasets indicated the same pipe structure anomaly at
CNE03, which strongly verifies the presence of hydrates at this location. The seis-
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mically constrained inversions successfully delineated the structural boundaries of
the resistive pipe and the free gas layer beneath the BGHSZ.

5.6.2

Geological implications

The strongest resistivity anomalies observed at the shallow part below the pockmark within the pipe structure suggest the presence of authigenic carbonates or
gas hydrate. Chemical analysis of core samples from the G11 pockmark (near by
CNE03) suggest that seafloor authigenic carbonates are gas hydrate origin (Mazzini et al., 2006); while gravity cores obtained from several Nyegga pockmarks
(CNE03, Sharic, Bobic, Tobic and G1l) displayed distinctive signs of gas hydrate
in the sediment (Ivanov et al., 2007). Therefore, we suggest that the sub–seafloor
high resistivity anomalies observed in our inversion models represents the accumulation of hydrate rather than carbonates. We infer that the saturation of hydrate
is higher in this upper region than elsewhere along the pipe structure and at the
BGHSZ. High hydrate saturation at that location is probably due to preferential
gas advection and interaction of the gas hydrate stability field with the free gas
(Flemings et al., 2003; Liu and Flemings, 2007; Smith et al., 2014). While high resistivities can result from both free gas and gas hydrate, high seismic velocities can
only be caused by gas hydrate. Therefore, the high velocities observed at the pipe
centre (∼820–1050 m) that coincide with relatively high resistivities, are indicative
of high hydrate saturation at these depths. Westbrook et al. (2008b) suggested hydrate saturation of up to 35% within the CNE03 pipe structure, while based on a
more detailed analysis, Plaza-Faverola et al. (2010a) proposed a saturation range
between 14 to 27%.
Archie’s Law (Archie et al., 1942) is a commonly used method for the interpretation of electrical resistivity (Ellis, 2008). Using a relationship based on Archie’s
equation (Equation 5.1), the formation bulk resistivity of any geological feature
could be related to the hydrocarbon concentration.
ρb = a−m Sw−n ρw

(5.1)

In this equation, ρb represents the in situ formation bulk resistivity, ρw is the formation pore water resistivity and Sw is the pore water saturation. Here we applied
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Archie’s equation to obtain a preliminary estimation of gas hydrates saturation
along the CNE03 pockmark. For this calculation we used a porosity (ϕ) of 60%
from Hustoft et al. (2009b), a formation pore water resistivity of 0.325 Ωm, and
a bulk resistivity value of 3 Ωm from the 2-D unconstrained inversion. Based on
the analysis of Hyndman et al. (1999), we used a tortuosity coefficient a = 1.40, a
cementation coefficient m = 1.76, and a saturation exponent n = 2. According to
our Archie’s Law calculation, the CNE03 pipe structure has a hydrate concentration of approximately 38%. At Vestnesa Ridge, West Svalbard margin (∼1500 km
north–northeast to Nyegga), a pockmark with similar characteristics to CNE03 is
present. Based on a similar analysis, the Vestnesa Ridge pockmark is estimated
to have a hydrate saturation of 52–73% within the upper part of the chimney–like
structure (Goswami et al., 2015).
At CNE03, there is a discrepancy between the resistivity anomalies that begin
at the seabed surface and extend all the way to the BGHSZ via the pipe structure
and the Vp anomalies that only start from ∼100 m below the surface. This discrepancy may be attributed to an artefact in the seismic tomography, caused by
the low density of reflection points (Plaza-Faverola et al., 2010a). Consequently,
our resistivity model is likely to better represent the distribution of hydrates in the
upper part of the pipe structure than the Vp model.
A low anisotropy ratio was derived from our anisotropic inversion, suggesting
that only a moderate anisotropy may exist beneath the CNE03 pockmark. We
propose that in regions where the horizontal resistivity is greater than the vertical
resistivity (&1.5 km depth), a vertical structure is present that accommodates a
high density of fractures. This vertical structure acts as a pathway for an upward
migration of free gas into the GHSZ, where methane hydrate forms in veins. Linked
vertical hydrofractures and micro-cracks, may provide vertical flow pathways for
methane-rich fluids (Mazzini et al., 2003). Such vertical flow could decrease the
pore pressure and may induce localized stress rotations around the governing regional fault (Wright and Weijers, 2001; Zoback , 2010). Thus, we propose that the
tilted nature of the CNE03 pipe structure towards SE might be a result of the local stress regime, subjected to changes in fluid flux and direction of the underlying
fault, vertical fractures, and fluid flow at CNE03.
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Conclusions

To estimate reliably the amount of hydrate that occupies submarine pipe structures
on a global scale, a rigorous characterisation of these hydrate systems is required.
The CSEM method offers a new and independent tool to detect, delineate and
quantify hydrate provinces due to its sensitivity to pore fluid properties. The
results of this study indicate the following:

1. The CNE03 pipe structure is approximately 200 m wide and 290 m long, as
derived from our seismically constrained CSEM inversions.

2. The &3 Ωm resistivity anomaly that exist both at the pipe structure and below the BGHSZ, along with the Vp contrast across the BGHSZ, confirm that
hydrates predominantly occupy the sediment’s pore space within the pipe
above the BGHSZ, while free gas dominates the region below the BGHSZ.

3. The CNE03 pipe structure is tilted towards the SE, possibly due to rotation
of the minimum stress direction away from horizontal.

4. The synthetic studies revealed two artefact features (conductive anomalies) beneath the BGHSZ, and determined the width (∼2 km) and depth
(∼2.5 km) of the region to which the inversion is sensitive. Furthermore, these
studies highlighted the thickness (∼250 m) depth range (∼1.75–2.25 km) and
horizontal extension (&2 km) of free gas accumulation beneath CNE03.

In light of the above, we conclude that our joint interpretation of the CSEM and
seismic datasets were able to detect and robustly delineate both the methane hydrate and free gas deposits at the CNE03 pockmark, with a high level of accuracy.
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Summary

We present high-resolution resistivity imaging of gas hydrate pipe-like structures,
as derived from marine controlled-source electromagnetic (CSEM) inversions that
combine towed and ocean-bottom electric field receiver data, acquired from the
Nyegga region, offshore Norway. Two-dimensional inversions applied to the CSEM
towed receiver datasets detected four new prominent vertical resistive features that
are likely gas hydrate structures, located in proximity to a major gas hydrate pipelike structure, known as the CNE03 pockmark. The resistivity model resulted from
the combined inversion resolved the CNE03 hydrate structure in high resolution, as
inferred by comparison to seismically constrained inversions. Our results indicate
that shallow gas hydrate anomalous features can be characterised efficiently by
jointly inverting the two CSEM datasets alone, which is particularly useful in the
absence of seismic data. The approach applied here can be utilised to map and
monitor seafloor mineralisation, freshwater reservoirs, CO2 geosequestration sites
and near-surface geothermal systems.

6.2

Introduction

Gas hydrate deposits are known to store vast amounts of methane, spread worldwide in marine sediments and permafrost regions, where hydrate forms and remains thermodynamically stable under high-pressure and low-temperature conditions (e.g., Kvenvolden et al., 1993; Archer , 2007; Jorgenson et al., 2008; Boswell
and Collett, 2011; Pinero et al., 2013; Ruppel and Kessler , 2016). Gas hydrates may
contribute to climate change via methane emissions (e.g., Archer et al., 2009; Dickens, 2003; Ruppel , 2011; Marı́n-Moreno et al., 2015; Ruppel and Kessler , 2016), are
possibly a viable energy resource (e.g., Sloan, 2003; Collett et al., 2009; Boswell
et al., 2014; Yamamoto et al., 2014), and are associated with submarine slope
failures and other geohazards to deepwater exploration (e.g., Kvenvolden et al.,
1993; Hovland et al., 2002; McConnell et al., 2012; Collett and Boswell , 2012; Li
et al., 2016). These environmental and economic implications position gas hydrate
research at the center of broad interdisciplinary interest.
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Commonly, gas hydrate structures are detected and evaluated using seismic
velocity and amplitude attributes derived from methods such as semblance velocity analysis (e.g., Lee et al., 2005; Crutchley et al., 2015), waveform inversion
(e.g., Singh et al., 1993; Korenaga et al., 1997), reflection travel-time tomography
(e.g., Lodolo et al., 2002; Plaza-Faverola et al., 2010a), and amplitude versus offset
analysis (e.g., Hyndman and Spence, 1992; Dewangan and Ramprasad , 2007; Ojha
et al., 2010). Seismic studies for gas hydrate characterization focus on identifying
bottom simulating reflectors (e.g., Shipley et al., 1979; MacKay et al., 1994) and
seismic blanking zones (e.g., Wood et al., 2000a; Boswell et al., 2015), which are
prominent features often associated with the presence of hydrates. Although the
seismic method provides structural information to infer the presence of hydrate,
it lacks the ability to asses pore fluid properties, an attribute that is essential for
hydrate quantification.
Another geophysical method utilized for hydrate detection is the marine
controlled-source electromagnetic (CSEM) sounding technique, which involves
deep-towing an electromagnetic (EM) source dipole transmitter in conjunction
with towed and ocean-bottom electric field receivers that record the EM fields (e.g.,
Edwards, 1997; Schwalenberg et al., 2005; Weitemeyer et al., 2006; Schwalenberg
et al., 2010; Constable et al., 2016). The marine CSEM method is frequently used
for oceanic lithosphere studies (e.g., Cox , 1981; Sinha et al., 1990), hydrocarbon
exploration (e.g., Ellingsrud et al., 2002; Constable, 2010) and hydrate mapping
(e.g., Weitemeyer et al., 2011; Kai et al., 2015; Constable et al., 2016; Attias et al.,
2016; Goswami et al., 2016). CSEM data are sensitive to changes in the bulk resistivity (Edwards, 2005; Constable, 2010), and thus, can provide information about
the pore fluid properties of sub-seafloor structures encompassed by host sediments
with contrasting resistivity signatures (Harris and MacGregor , 2006; MacGregor
and Tomlinson, 2014).
Recent and ongoing advances in instrumentation (e.g., Mattsson et al., 2013;
Engelmark et al., 2014; Mckay et al., 2015; Constable et al., 2016; Wang et al.,
2017) and numerical modelling algorithms (e.g., Grayver et al., 2013; Roux and
Garcia, 2014; Galiana and Garcia, 2015; Zhang and Key, 2016; Hansen et al., 2016;
Jaysaval et al., 2017; Malmberg and Mattsson, 2017) have enhanced the capabilities
of the marine CSEM technique. Nonetheless, CSEM is typically considered to be
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a low-resolution method due to the diffusive nature of EM fields, and hence is
often used in conjunction with seismic and well-log data to constrain and interpret
sub-seafloor structures (e.g., Harris et al., 2009; Morten et al., 2012; MacGregor
et al., 2012). High-resolution imaging derived solely from CSEM datasets could
significantly improve the resistivity models of new and challenging offshore targets,
such as seafloor massive sulphide deposits (Mueller et al., 2016; Hölz and Jegen,
2016; Gehrmann et al., 2017), freshwater reservoirs (Evans and Key, 2016), CO2
storage sites (Park et al., 2017), and permafrost (Sherman et al., 2017).
Here, we present the resistivity models of four newly discovered resistive anomalous features, as derived from 2.5-D CSEM inversions of towed receiver data at
the region of study. These four resistive anomalies are most likely pre-existing or
emerging pipe-like gas hydrate structures. Additionally, we provide high-resolution
resistivity imaging of a known marine gas hydrate pipe-like structure (PlazaFaverola et al., 2010a; Attias et al., 2016), obtained from CSEM inversions that
combines both towed and ocean bottom electric field receivers data.

6.3

Study Region

Gas hydrates often accumulate in advective low fluid flux or diffusion-controlled
geologic settings (Xu and Ruppel , 1999; Milkov and Sassen, 2002). An example of
this is evident in the Nyegga region, located along the mid-Norwegian continental
margin, spatially extending over 200 km2 (Bünz et al., 2003; Plaza-Faverola et al.,
2012). The Nyegga region accommodates ∼415 pockmarks (Hustoft et al., 2010),
which are crater-like bathymetric expressions of the underlying gas hydrate system
(Hovland et al., 2002). Nyegga’s pockmarks are characterized by chimney or pipelike structures that are estimated to comprise 7.1×1011 m3 of gas hydrate (Senger
et al., 2010). One of Nyegga’s pockmarks is the CNE03 pockmark (Figure 6.1),
situated in water depths of ∼715–730 m over a seabed slope of 1◦ , and underlain
by an extensive gas hydrate pipe-like structure (Bünz et al., 2003; Hovland et al.,
2005; Chen et al., 2011; Plaza-Faverola et al., 2010a; Attias et al., 2016). The
morphology of the CNE03 pockmark is mainly governed by the formation and
dissociation of gas hydrates along its irregular sub-seafloor pipe-like structure that
extends down to the base of the gas hydrate stability zone (BGHSZ) (e.g., Bünz
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et al., 2003; Plaza-Faverola et al., 2010a). Therefore, this pockmark is defined as
a Type-2 pockmark, based on the classification system created by Riboulot et al.
(2011, 2016) and Sultan et al. (2010).

Figure 6.1: A map illustrating the CSEM survey layout at the CNE03 pockmark
area. The data were recorded by seven OBE surrounding the CNE03 pockmark.
Survey lines 1s (south), 1n (north), 2, 3, and 4 were collected using 7 OBE’s, the
DASI transmitter and a Vulcan towed receiver. Line 1 was divided into two separate towlines because the transmitter was switched off and on, as done between
each towline. Towlines 1n and 2 are coincident with seismic reflection data (Westbrook et al., 2008b). The stars denote the locations of newly discovered resistive
pipe-like structures (further details in section 6.7.1). Inset map: the location of
the CNE03 pockmark, at Nyegga region, offshore Norway.
Hydrates within CNE03 forms in sub-vertical fracture veins, fed by gas from a
deep thermogenic source that propagates upward into the hydrate stability zone
(Bünz et al., 2003; Plaza-Faverola et al., 2010a, 2011). It is highly likely that free
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gas and gas hydrate coexist within the CNE03 pipe-like structure (Westbrook et al.,
2008b; Plaza-Faverola et al., 2010a; Attias et al., 2016).

6.4

Data Acquisition and Processing

Details regarding the survey design and CSEM data acquisition used in this study
are comprehensively described by Attias et al. (2016). In summary, we used a
deep-towed active source (DASI) transmitter (Sinha et al., 1990), seven ocean
bottom electric field receivers (OBEs) (Minshull et al., 2005), and a fixed-offset
3-axis towed electric field receiver named Vulcan (Constable et al., 2016) to survey
the CNE03 region (Figure 6.1). We note that while Attias et al. (2016) delineated
the resistivity structure of the CNE03 pipe-like structure solely using OBE data
constrained by seismic information, here we provide high-resolution imaging of
CNE03 by employing both the OBE and Vulcan datasets, independent of seismic
constraints.
The DASI source transmitted a square wave alternating current (81 A) at a 1 Hz
frequency, along 100 m antenna used as a horizontal electric dipole. An altimeter and a conductivity-temperature-depth (CTD) sensor were installed to monitor
DASI’s absolute depth, and altitude above the seafloor, and an ultra-short baseline acoustic navigation system was employed to track its position. The data were
recorded by seven OBEs and one Vulcan receiver. Each OBE was equipped with
two orthogonally oriented 12 m long horizontal dipoles, and Vulcan was equipped
with a 2 m long inline dipole, 1 m long vertical dipole, and 1 m long crossline
dipole. Vulcan was towed 300 m behind DASI’s antenna and flown approximately
50 m above the seafloor at an average speed of 1.5 knots. We collected CSEM
data along four towlines at CNE03 with this array. Survey lines 1n and 2 coincide
with previously acquired high-resolution seismic reflection data (Westbrook et al.,
2008b; Plaza-Faverola et al., 2010a).
The OBE CSEM data processing is described in Attias et al. (2016). We used
a similar methodology to process the Vulcan CSEM data. In brief, we followed
Myer et al.’s (2011) robust processing scheme. Several additional processing steps
were implemented, designed to consider limitations specific to this survey (Attias
et al., 2016). The Vulcan CSEM data were Fourier transformed to the frequency
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domain and stacked over 60 s intervals (∼46 m spacing between data points),
yielding amplitude and phase data. The processed data were then merged with the
navigational information from DASI and Vulcan. The navigational data indicate
minimal geometric perturbations during deep-tow operations due to the regionally
flat bathymetry, as shown in Figure 6.2.
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Figure 6.2: CSEM system navigation along towline 2. (a) Position and depth
of the seafloor, OBE, DASI, and Vulcan. Blue inverted triangles represent the
OBE, black dots the raw data and lines the smoothed data that were used for the
inversion. (b) Plot showing DASI dip, Vulcan pitch, and roll information employed
by the inversion. The DASI dip is assumed, derived from the Vulcan pitch data.
Vulcan pitch and DASI dip data are smoothed. We note that for all survey lines,
the difference between Vulcan and DASI heading is 6 4◦ .
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Phase Error Mitigation

The phase data acquired in this survey were subject to drift, caused by non-linear
timing errors from the DASI crystal clock. The DASI transmitter uses a free
running clock that is not locked to GPS timing, and thus, prone to drift. To
address this issue, we corrected for ∼85 ms/day drift of DASI’s crystal clock, as
documented by Attias et al. (2016). We utilised the nominal waveform (a 1 Hz
square wave) for data processing due to the absence of information regarding the
true waveform generated by the DASI transmitter during this survey. Using the
transmitter nominal waveform instead of the true waveform is a major source
of data uncertainty. Therefore, we assigned the inversions with a conservative
error structure to adequately accommodate the overall uncertainty of the data (see
section 6.6), consistent with the results of the perturbation analysis performed by
Attias et al. (2016).
GPS time tags recorded pre and post survey to monitor the time drift of the
Vulcan crystal clock were incorporated during processing. However, the recorded
time tags do not fully encompass the magnitude of the phase drift observed in
Vulcan data, since the source of this additional phase drift is DASI’s nominal
waveform, as described above. Hence, the Vulcan phase data present limitations
that required mitigation. The following sections describe the Vulcan phase drift
issue and the pragmatic approach that we applied to mitigate it.

6.5.1

Vulcan Phase Drift

For the ocean bottom electric field (OBE) data obtained in this study, 1-D forward
models conducted by Attias et al. (2016) indicate that the amplitude and phase
data in background sediment reasonably match the 1 Ωm forward model response,
for both the fundamental frequency (1 Hz) and the following odd harmonics that
were used (3, 5, 7, 9, 11 Hz). This observation concurs with 2-D forward models
obtained from the OBE data (not shown). However, 2-D forward models performed
on the Vulcan data suggest that for background sediment, although both the amplitude and phase data of the fundamental frequency approximately coincides with
the 1 Ωm forward model response, the phase data of the following odd harmonics
are significantly shifted from the 1 Ωm forward response (Figure 6.3).
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Figure 6.3: Line 1n: Vulcan inline electric field unshifted phase data versus 2-D
forward models. (a) The 1 Hz phase data are in proximity to the 1 Ωm forward
model at background sediment areas. The phase data at the peak of the CNE03
anomaly corresponds to the 3 Ωm forward model. (b) 3 Hz phase data. (b)
5 Hz phase data. (b) 7 Hz phase data. Note that the 3, 5, and 7 Hz harmonics
successively drift further away from the 1 Ωm forward model response.
Amplitude and phase inversions, performed with the original phase data of Vulcan, failed to converge to RMS misfit targets <2, presenting unrealistic resistivity
models, poor model to data fits and high normalized residuals (Figures 6.4a–d).
According to the regional geology (e.g., Senger et al., 2010) it is implausible that
the background sediments will have a resistivity that is substantially lower than
1 Ωm, as indicated from inversions using the original unshifted phase data (Figures 6.3b–d).
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Figure 6.4: A comparison between two Vulcan data inversions responses: towline
2 with unshifted and shifted phase data. The inline (Ey) and Vertical (Ez) electric
fields phase responses are presented, for each of the used frequencies. The lines
represent the model, squares the data and the error bars are in gray. (a–d) the
model to data fit and normalized residuals responses of the inversion with unshifted
phase data. This inversion could not converge to an RMS misfit below 2.1 (17
iterations). (e–h) the model to data fit and normalized residuals responses of the
inversion with shifted phase data. This inversion converged to an RMS misfit
target of 0.9 (6 iterations). In the unshifted phase inversion, the model does not fit
the data, and the normalized residuals are ∼2–3 times greater than the residuals
observed in the shifted phase inversion. The elevation in phase observed between
3–4 km along the towline denotes the CNE03 pipe-like structure.
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Therefore, we infer that the additional drift seen in the Vulcan phase data are due
to a combined effect of non-linear DASI clock drift and employing the nominal
transmitter source waveform during processing. Constable et al. (2016) demonstrated that limitations of the Vulcan crystal clock could be mitigated by sending
GPS synchronized timing pulses from the EM transmitter to Vulcan. Although
non-linear drift for the Vulcan clock is possible in the absence of a timing pulse
system, it is unlikely that this is the source of the additional drift since the Vulcan
clock drifted at a rate of less than 4 ms/day between the start and end of each
tow line. The more probable source is non-linear drift in the DASI clock, which at
some fraction of 85 ms/day would be significant enough to account for the residual
drift evident in the data. Furthermore, the ∼85 ms/day DASI clock drift originally
inferred from the Vulcan data is only approximate.

6.5.2

Vulcan Phase Correction

We employ a pragmatic approach to resolve the drifts observed in the Vulcan phase
data, based on OBE 1-D and 2-D forward model responses. These forward models
suggest that the resistivity of the background sediment at CNE03 is about 1 Ωm,
consistent with a resistivity profile obtained from a nearby well-log (Senger et al.,
2010). Thus, we are confident that the Vulcan phase data (at background sediment
areas) should also roughly match the 1 Ωm 2-D forward model response for the
four frequencies we used (1, 3, 5, 7 Hz). Consequently, we shifted the phase data
of both the inline and vertical electric fields at each frequency to coincide with the
1 Ωm forward response.
Next, the phase shifts required for the inline and vertical electric fields were
averaged to obtain a single time shift (for each towline) to be applied for all used
frequencies, both for the inline and vertical electric field components. The applied
time shifts are as follows: 5.5, 9.3, 5.5, 4.8, and 2.1 ms for survey line 1s, 1n, line
2, line 3 and line 4 respectively, in accordance with the 2×pi×f×dt dependence.
We note that each survey line required a different time shift since the DASI
transmitter was switched off at the end of each towline, and thus, each survey line
was treated independently. The pragmatic approach demonstrated here enabled
us to invert the data with sensible time shifts. As a result, our inversions converged to RMS misfit targets <1.0 while presenting adequate model to data fits
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with small normalized residuals, yielding resistivity models that are geologically
plausible (further details in sections 6.7.1, 6.7.2).

6.6

Inversion Parameterization

To invert the OBE and Vulcan data for electrical resistivity, we employed the
open-source MARE2DEM software, a 2-D nonlinear regularized inversion method
that utilises a parallel goal-oriented adaptive finite-element algorithm (Key, 2016).
MARE2DEM uses Occam’s inversion, which searches for the smoothest model
that fits the data to a predefined root-mean-square (RMS) target misfit (Constable
et al., 1987; deGroot Hedlin and Constable, 1990). We inverted for phase and
logarithmically scaled amplitude, which stabilises the inversion and reduces the
time to convergence compared with linearly scaled amplitude inversion (Wheelock
et al., 2015).
To enhance the accuracy of our models, we inverted the data using finite-dipole
lengths for both the source and receivers. Finite-dipoles substantially increase
the computational cost, yet yield more accurate forward model responses relative
to a point-dipole approximation (Streich and Becken, 2011). Furthermore, we
performed a linearized sensitivity analysis to the MARE2DEM inversion models
by evaluating the model Jacobian matrix J (e.g., MacGregor et al., 2001; Key,
2016). The J was extracted from the inversion final iteration and converted to
sensitivity values by summing over all rows and normalising by the area of the
model parameter associated with each column of J. The J sensitivity is plotted as
percentile contours, where for example, a value of 0.5 indicates that the sensitivity
is at the 50th percentile level.
Here, we co-rendered the inversions with the J contours to demonstrate the high
sensitivity range that exists across each model between the seafloor (∼725 m depth)
and near the BGHSZ (860 m depth). For this purpose, we chose the following J
contour values: 0.5, 0.7, 0.8, and 0.95, which best describe the distribution of the
J sensitivity . These J contour values were used for all models, thus, enabling to
assess how the model sensitivity of each towline varies when inverting the OBE and
Vulcan datasets separately and jointly (sections 6.7.2 and 6.7.3). The parameters
of all inversion models presented here are described in Table 6.1.
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The RMS target misfits were achieved within a predefined tolerance of 1%.
Ey = inline electric field dipole, Ez = vertical electric field dipole.
∗
OBE frequencies = 1, 3, 5, 7, 9, 11 Hz, Vulcan frequencies = 1, 3, 5, 7 Hz.
∗
Model parameters: air layer = 1012 Ωm, seawater fixed parameters = 13, sub-seafloor quadrilateral mesh free parameters
= 7k–13.5k, towline length dependent.
a
General parameters: spatial horizontal/vertical penalty weight = 6, Lagrange multiplier (µ) starting value = 1.
b
Ey amplitude error = 4%, Ez amplitude error = 5%.
c
Ey phase error = 2.29◦ , Ez phase error = 2.86◦ .
d
Seismically constrained (SC), penalty cut weight = 0.1.
e
4
f
2.29◦ and 2.86◦ of added Gaussian noise to Ey and Ez phase, respectively.
g
OBE: Ey only.

∗

Receiver(s)

Line

Table 6.1: Properties of the OBE & Vulcan individual and combined inversiona models presented in Figures 6.5, 6.6, 6.8.
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In summary, The OBE inversions include data from the inline electric field at
six frequencies (1, 3, 5, 7, 9, 11 Hz), whereas the Vulcan inversions uses data from
the inline and vertical electric fields at four frequencies (1, 3, 5, 7 Hz), chosen
in accordance with each instrument’s noise floor. Uncertainty and perturbation
analysis based on the survey geometry, DASI nominal waveform, and OBE dataset
suggest an amplitude error of 4% and phase error of 2.29◦ for the OBE inline electric
field (Attias et al., 2016). Thus, we assigned the same error floor for the Vulcan
inline electric field data. Since the Vulcan vertical component data exhibit higher
noise, the amplitude and phase were assigned with error floors of 5% and 2.86◦ ,
respectively, to accommodate additional uncertainties in calibration, navigation,
and model approximations. Thus, we used a conservative and reasonable error
structure, due to large uncertainties mainly resulting from limitations of the DASI
source and the navigation system (sections 6.4, 6.5).
The inversions RMS target misfits varied between 0.95, 0.9 and 0.85, depending
on each towline’s data error constraints, Gaussian distribution, and overfitting
avoidance. In an ideal scenario, the RMS misfit should always be 1.0 if the error
structure assigned is correct. However, preliminary inversions aimed to converge to
RMS misfit targets of 1.0 with error floors of 3 and 4% (to the inline and vertical
components, respectively) produced models that overfitted the data. Therefore,
since model uncertainty and RMS misfit are inversely related, we chose to increase
the error structure from 3 and 4% to 4 and 5%, and then gradually lower the
RMS target misfit below 1.0 until we produced consistent and geological plausible
models for all towlines. We found that seeking for the ideal inversion model by
subtly altering the RMS target misfit rather than changing the error structure,
gives a more fine-tuning control over the inversion parameterization. Although
conservative, this approach is valid (e.g., Key et al., 2014; Orange et al., 2014;
Constable et al., 2015; Goswami et al., 2015), time efficient, and particularly useful
when the uncertainties are not fully constrained.
In an effort to enhance the horizontal model smoothness, and hence minimise
vertical artefacts, we increased the ratio of horizontal to vertical smoothing from
the default value of three to six. The starting model discretization includes fixed
parameters for a 1013 Ωm air layer and 13 laterally stratified water column layers
with seawater resistivity values ranging between 0.26–0.33 Ωm. The sub-seafloor
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mesh is efficiently discretized with quadrilateral elements, which reduces the number of free parameters to be solved by up to ∼50% and therefore shortens the
inversion run time in comparison to Delaunay triangulation mesh (Myer et al.,
2015). Anisotropic inversions of the OBE data from Attias et al. (2016) (Chapter
5) suggest that only a moderate electrical anisotropy exists beneath the CNE03
pockmark, since the vertical resistivity is only ∼1–1.2 times greater than the horizontal resistivity. Thus, the CNE03 pipe-like resistivity structure can be sufficiently
constrained by isotropic inversion. Therefore, all inversion models presented here
are isotropic.

6.7
6.7.1

Results
Vulcan Inversion Models

Inversions using Vulcan data only for towlines 1–4 are shown in Figure 6.5. These
Vulcan inversions converged to the assigned RMS target misfits (Table 6.1) within
a predefined tolerance of 1%. The CNE03 gas hydrate pipe-like structure is well
resolved at the intersection of towlines 1n and 2, consistent with the results of
the OBE inversions (Attias et al., 2016). In total, we identified ten new shallow
vertical resistors from the inverted Vulcan data, of which four are prominent features (>2 Ωm). One of the resistive structures is located at the centre of line 1s,
extending ∼100 m laterally and ∼90 m vertically (Figure 6.5). Another resistor is
located at the NW flank of line 2, exhibiting dimensions of ∼120 m and ∼30 m in
the horizontal and vertical directions, respectively. Two additional resistive structures are located at the flanks of line 3, showing lateral extension of ∼80 m and
vertical elongation of ∼70 m (Figure 6.5). These newly discovered pipe-like resistive structures are most likely caused by the presence of gas hydrate/free gas in the
fluid flow conduits (Bünz et al., 2003; Westbrook et al., 2008a; Plaza-Faverola et al.,
2010a), with a residual contribution of methane-derived shallow authigenic carbonates, as documented in adjacent pockmarks at near-seafloor sediments (Hovland
et al., 2005; Mazzini et al., 2006). All four resistive structures show no bathymetric
expression to suggest the existence of pockmarks at these locations (Figure 6.1).
Thus, we postulate that these four vertical resistive structures have yet to expe-
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rience an episode of active gas venting. A laterally extensive moderate increase
in resistivity is observed in the deepest part of the Vulcan models (Figure 6.5).
We attribute this increase in resistivity to sediment compaction rather than the
presence of hydrates (e.g., Cook and Tost, 2014).
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Figure 6.5: Fence diagram showing the Vulcan inversion models for survey lines 1–
4. Areas bounded by dashed lines denote vertical resistors that were detected. The
stars indicate robust resistive features (>2 Ωm), presumably gas hydrate deposits.
Left corner: a diagram of Vulcan — a deep-towed fixed-offset CSEM receiver.
6.7.1.1

Inversions Residuals

Model to data fit and normalized residuals of towline 2 inversion with shifted phase
data is shown in Figures 6.4e–h. Both the inline (Ey) and vertical (Ez) electric field
phase components exhibit normalized residuals that are significantly lower than the
residuals of the inversion performed with unshifted phase data (Figures 6.4a–d).
The CNE03 resistive anomaly moderately biases the normalized residuals of the
Ey and Ez electric fields in a frequency dependent pattern (Figure 6.4). This trend
in residuals is observed in all towlines, coincident with robust pipe-like structures.
However, for the phase shifted inversion these subtle systematic residuals are small
and well constrained by the data error structure (Figures 6.4e–h). Because of
the low overall misfit, we infer that these slightly biased residuals have little to
no effect on the overall resistivity model. Furthermore, the Vulcan inversions are
in good agreement with the OBE inversions for towlines 1n and 2 (Attias et al.,
2016). Similar systematically biased residuals were observed in the inversion of
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Vulcan data acquired from a methane hydrate province in the San Diego Trough
(Constable et al., 2016).
Overall, the residuals of all Vulcan inversions show that the amplitude and
phase data misfits are fairly equally distribute across all frequencies of the Ey and
Ez electric field components (apart from subtle biases observed in regions where
prominent anomalies exist, as explained above), as the example shown for towline 3
in Figure 6.7. We note that similar trends are observed for the normalised residuals
of the OBE and OBE+Vulcan combined inversions (section 6.7.3).

6.7.2

Real and Synthetic Model Comparison

Synthetic studies are frequently used to characterise the sensitivity and resolution
to be expected from a real data inversion, as well as to constrain any biases and
ambiguities introduced by the survey layout (e.g., Myer et al., 2015; Naif et al.,
2016). Thus, to confirm the authenticity of the newly detected resistive structures
in the vicinity of the CNE03 pockmark, we conducted a synthetic study aiming
to reproduce the resistivity model observed in the Vulcan line 3 real data inversion. To calculate the synthetic forward response, we used the frequency coverage
and geometric configuration (e.g., DASI and Vulcan positions and geometry, data
coverage) that were obtained in the survey for towline 3. The data resulted from
the forward calculation were assigned with the same uncertainties applied to the
real data inversion (Table 6.1), and then the synthetic inversion was performed.
Goswami et al.’s (2016) and Constable et al.’s (2016) applied a similar procedure as
described above to conduct synthetic studies for the Vulcan towed receiver, which
were based on real and synthetic data, respectively.
Figure 6.6 shows a comparison between line 3 real and synthetic data inversion
models. Overall, the synthetic study successfully resolved the two vertical anomalous structures (Figures 6.6b,c), comparable to the resistive vertical structures detected by the real data inversion (Figure 6.6a). The inversion exhibits sensitivity
to the entire model space, as inferred from the adequate recovery of the background resistivity structure assigned to both flanks of the model (Figures 6.6b,c).
In the shallow portion of the inversion, the resistivity of the two vertical anomalies
is slightly overestimated, whereas the resistivity is underestimated in the deepest
part. The CSEM technique is most sensitive to the transverse resistance (resistivity
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times thickness), whereby the Occam inversions constrain the maximum thickness
and minimum resistivity of a resistive feature (Constable, 2010; Goswami et al.,
2016). Since both resolution and sensitivity deteriorate with depth, this behaviour
is consistent with the overall trend seen in the J sensitivity contours, where both
the real and synthetic inversion models exhibit high sensitivity near the seafloor
(95% sensitivity) that drops off with depth.
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Figure 6.6: Vulcan towline 3: real and synthetic inversion models. (a) Real data
inversion model. (b) Synthetic forward model that includes resistive structures
derived from the real data inversion. (c) Synthetic data inversion model. The
stars denotes newly discovered vertical resistors. The models shown in (a) and (c)
are superimposed with Jacobian sensitivity contours, which illustrate the inversion
sensitivity to spatial variations in resistivity.
Although the synthetic model suggests that the data are not sensitive enough
to resolve the resistive layer in the deepest part of the model, the sensitivity of
that layer in the real data inversion is significantly higher (∼20%) than in the
synthetic inversion, where both inversions performed using the real data errors.
Note that sensitivity is highly model dependent, such that small modifications to
the synthetic forward model may yield large changes in J.
The Ez amplitude and phase components of towline 3 real data inversion, overall show slightly higher residuals than those of the Ey components (Figure 6.7). It
is also evident that the two resistive anomalies positioned at the flanks of towline
3 (Figure 6.6a), affected the Ez amplitude more than the Ey amplitude, as seen by
their model to data fits (Figures 6.7a,e). Nevertheless, both the Ey and Ez amplitude and phase responses exhibit small and fairly randomly distribute normalized
residuals, which are within the error structure (Figure 6.7, Table 6.1).
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applied to towline 3 Vulcan data. The inversion includes four frequencies: 1, 3,
5, and 7 Hz. In the model to data fit plots the vertical axes are individually
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vertical resistors shown in line 3 inversion model (Figure 6.6a). These anomalous
resistors (possibly gas hydrate features), subtly bias the Ey phase and Ez amplitude
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6.7.3

OBE and Vulcan Combined Inversion Models

Combined inversion of marine CSEM and magnetotelluric datasets significantly
improves the resolution of a resistivity model that aims to elucidate a complex
geology, due to the complementary nature of these two EM datasets (e.g., Commer
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and Newman, 2009). Here, we performed a combined inversion of datasets acquired
by the OBE and Vulcan CSEM receivers, aiming to resolve the CNE03 pipe-like
resistivity structure with the highest resolution possible. We inverted the OBE
and Vulcan datasets separately and then jointly using the amplitude and phase
information. The OBE and Vulcan data are sensitive to different depth ranges,
and thus, complement each other. In addition to the inline field data, the Vulcan
vertical field data provide unique constraints on lateral structure (Constable et al.,
2016). Furthermore, given the short receiver-transmitter offset, we expect the
Vulcan data to constrain the shallow structure, whereas the OBE data will resolve
the resistivity at the intermediate to deep parts of the model due to the longer
receiver-transmitter offsets. Hence, a moderate discrepancy is observed between
the resistivity of the background sediment detected by the OBE inversions and the
one resolved by the Vulcan inversions.
The OBE inversions exhibit substantial spatial variation in resistivity, where
the J sensitivity is highest at the model centre, coincident with the CNE03 pipelike structure (Figures 6.8a,b). However, the background resistivity and the side
boundaries of the CNE03 vertical anomalous structure in the OBE only inversions
are not well constrained due to unavoidable gaps in data coverage between the
OBE receivers (Constable et al., 2016). The discrepancy observed between line
1n and line 2 in the OBE models is partially a result of the presence of conductive anomalies positioned beneath each OBE that are artefacts caused by minor
navigational inaccuracies, as discussed by Attias et al. (2016).
The Vulcan only inversions for line 1n and line 2 (Figures 6.8c,d) better constrain the regional background resistivity and both exhibit a distinctive resistivity
structure beneath the CNE03 pockmark, due to the continuous data coverage. The
Vulcan only (Figures 6.8c,d), unconstrained OBE+Vulcan (Figures 6.8e,f), and
constrained OBE+Vulcan (Figures 6.8g,h) inversion models all show subtle variations in in lateral resistivity, which we interpret as artefacts most likely caused by
the inversion smoothing regularization.
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High J sensitivities are observed at the shallowest (∼95%) and deeper (∼70%)
parts of the Vulcan models (Figures 6.4c,d). The Jacobian sensitivity contours are
highly responsive to fluctuations in resistivity across the model space, with high
resistivity regions associated with higher J sensitivities. A comparison between
the OBE and Vulcan inversions shows that the J sensitivity of the OBE inversions
decreases rapidly both vertically and laterally with increasing distance from the
receivers, whereas the sensitivity of the Vulcan inversions decreases vertically but
laterally remains relatively continuous (Figures 6.8a–d). Hence, the Vulcan data
significantly improve the model lateral resolution.
We note that the J sensitivities achieved here for both the Vulcan and OBE
inversions are significantly higher (∼20 per cent) than those attained by Goswami
et al.’s (2016; 2017), where both studies used MARE2DEM to image hydrate
structures in similar water and sub-seafloor depths (Attias et al., 2016; Goswami
et al., 2016, 2017). This improvement in sensitivities is attributed to: (1) Goswami
et al.’s (2016; 2017) inverted the Vulcan data using Pmax (Smith and Ward , 1974)
whereas we applied amplitude and phase inversions, and (2) we inverted the data
using finite-dipole lengths for the DASI transmitter, Vulcan and the OBE receivers
(section 6.6), whereas Goswami et al.’s (2016; 2017) used a point-dipole.
In the line 1n Vulcan inversion, the CNE03 vertical resistor is relatively narrow at the seafloor and gradually widens and tilts with depth. In comparison
with the Vulcan only inversion, the OBE+Vulcan combined inversion yields better
resolution, and the resistor is narrow, sharp and vertically aligned at depth (Figures 6.8c,e). This result is consistent with the reduced lateral resistivity variations
and improved J sensitivity in the combined inversions for both line 1n and line
2, compared with the OBE or Vulcan only inversions. Thus, jointly inverting the
OBE and Vulcan datasets considerably improved the lateral sensitivity provided
by the Vulcan data (Figures 6.8c–f).
The combined inversions are predominantly constrained by the Vulcan data due
to the greater data density and the addition of vertical electric field measurements.
To utilise both the Vulcan and OBE datasets efficiently for improved constraints in
joint inversion, MARE2DEM employs a misfit weighting scheme that weights the
contribution of each data subset to the overall misfit equally by normalising against
the number of data points (Key, 2016). To evaluate the degree of improvement
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in model resolution achieved by the combined inversion, we jointly inverted the
OBE and Vulcan datasets where the CNE03 pipe-like structure is constrained by
coincident seismic information. The CNE03 pipe structure was constrained using
seismic reflection data (Westbrook et al., 2008b; Attias et al., 2016), by tracing the
flanks of the columnar seismic blanking zone (CSBZ), and its lower part of the
pipe structure was constrained also by a P-wave velocity anomaly (Plaza-Faverola
et al., 2010a; Attias et al., 2016).
Line 1n and line 2 seismically constrained combined inversion models differ
moderately from the unconstrained combined inversion models (Figures 6.4g,h).
Both sets of inversions imaged the CNE03 hydrate pipe-like structure in high
resolution, yielding comparable final models (Figures 6.8e–h). All of the line 2
inversions present an additional shallow and narrow vertical resistor at a distance
of ∼1.3 km along the model (Figures 6.8b,d,f,h), denoted by the star. This resistor is most pronounced in the seismically constrained combined inversion model
(Figure 6.4h), collocated with a seismic diffraction (Plaza-Faverola et al., 2010a).
Thus, we postulate that this anomalous structure is most likely an additional hydrate accumulation.
Comparison of the normalised residuals of the unconstrained and constrained
combined inversion of line 1n and line 2 inversions, indicate that the addition of
the seismic constraint decreased the OBE and Vulcan amplitude data misfit by
10–15% and increased the phase data misfit by 11–17%. However, the residuals
distribution improved for both the amplitude and phase data equally, exhibiting
a more random distribution. This inverse trend observed between the amplitude
and phase misfits, presumably results from the minimization of lateral smoothing
artefacts, and the decrease in J sensitivity in the deep region of the model in the
seismically constrained combined inversion models.
The unconstrained and seismically constrained combined inversions both successfully resolved the pipe structure beneath CNE03 and the compaction-driven
increase in resistivity (Figures 6.8e–h). Both of the seismically constrained combined inversions resolved the anomalous structure beneath CNE03 with high resolution (Figures 6.4g,h). Nevertheless, the unconstrained combined inversions are
more sensitive to the models’ deepest parts, as demonstrated by the J contours
(Figures 6.8e–h). Furthermore, the Vulcan only inversions exhibit higher sensitiv-
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ity to lateral changes in resistivity though lower resolution of the vertical anomaly
beneath the CNE03 pockmark, in comparison to the unconstrained and seismically
constrained combined inversions. Hence, our comparison between the individual
inversions and the unconstrained/constrained combined inversions, illustrates the
capability of the combined inversions to yield more accurate and high-resolution
models.

6.8

Conclusions

We report the discovery of four new pipe-like resistive structures in the vicinity
of the CNE03 pockmark, as derived from the towed receiver CSEM data. This
discovery supports the abundance and density of gas hydrate accumulations previously observed at the Nyegga region. Additionally, 2-D CSEM combined inversions of towed and ocean-bottom receivers data resolved the gas hydrate resistivity
structure beneath CNE03 unequivocally, as inferred from comparison with seismically constrained inversions. Our results demonstrate the capability of the marine
CSEM technique to detect and constrain gas hydrate structures in high resolution.
Hence, in the absence of seismic data, such combined inversion of CSEM datasets
can effectively image and delineate various sub-seafloor shallow structures. The
approach applied in this research may be useful in the study of oceanic seafloor
massive sulphide deposits, groundwater reservoirs, and sub-sea permafrost, as well
as in the monitoring of shallow CO2 geosequestration sites and geothermal systems.
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Summary

Methane emissions from gas hydrate deposits along continental margins may alter
the biogeophysical properties of marine environments, both on local and regional
scales. We used a combination of controlled-source electromagnetic (CSEM), seismic and sediment core data obtained in the Nyegga region, offshore Norway, in a
joint elastic-electrical approach to quantify marine gas hydrates found within the
CNE03 pockmark. Multiscale analysis of two sediment cores reveals significant
differences between the CNE03 pockmark and a reference site located approximately 150 m northwest to CNE03. Gas hydrates and chemosynthetic bivalves
were observed in the CNE03 sediments collected. The seismic velocity and electrical resistivity measured in the CNE03 sediment core are consistent with the P-wave
velocity (V P ) and resistivity values derived from seismic and CSEM remote sensing datasets. The V P gradually increases (∼1.75–1.9 km/s) with depth within
the CNE03 pipe-like structure, whereas the resistivity anomaly remains ∼3 Ωm.
A joint interpretation of the collocated seismic and CSEM data using the joint
elastic-electrical effective medium model suggests that at a porosity range of 0.55–
0.65, the gas hydrate saturation within the CNE03 hydrate stability zone varies
with depth between ∼20 and 48%. At an average porosity of 0.6, the hydrate saturation within CNE03 varies between ∼23 and 37%, whereas the weighted mean
saturation is ∼30%. We conclude that a well-constrained gas hydrate quantification can be accomplished by coupling P-wave velocity and CSEM resistivity data
through joint elastic-electrical effective medium modeling. The approach applied
in this study is particularly suitable to quantify disseminated pore-filling hydrate
in clay-rich marine sediments.

7.2

Introduction

Hydrate-bearing sediments at continental margins and permafrost regions contain
volumes of methane that could be comparable to global fossil fuels reserves (Collett,
2002; Milkov and Sassen, 2002; Milkov , 2004; Klauda and Sandler , 2005; Pinero
et al., 2013; Boswell et al., 2015). Due to the environmental and economic implications of methane, there is a growing need for efficient and reliable methods

7.2. Introduction

117

for quantifying gas hydrate deposits (Collett et al., 2009; Ruppel , 2011; Boswell
et al., 2014; Marı́n-Moreno et al., 2015; Collett and Boswell , 2012; Li et al., 2016).
Direct and accurate quantification of gas hydrate is feasible using pressure cores
sampling, although core recovery is still susceptible to hydrate dissociation, gas
expansion and exsolution (e.g., Milkov et al., 2004; Holland et al., 2008; Collett
et al., 2008). Sonic velocity and electrical resistivity data obtained from well-log
measurements are conventionally used to estimate hydrate saturation (e.g., Pearson et al., 1983; Hyndman et al., 1999; Collett and Ladd , 2000; Collett and Boswell ,
2012). However, well-log operations are technically complex, localized, and require
petrophysical information from nearby reference sites to validate the interpretation
(Collett et al., 1998; Hyndman et al., 1999; Collett and Ladd , 2000; Riedel et al.,
2006). Cook et al. (2012) demonstrated that gas hydrate saturations within a single reservoir unit could vary significantly; consequently, localized pressure cores
and well-log measurements may not fully represent large-scale hydrate reservoirs.
In contrast, remote sensing methods such as marine controlled-source electromagnetic (CSEM) and seismic surveys provide regional data, which enable larger
scale detection, delineation and potential quantification of gas hydrate deposits
(e.g., Singh et al., 1993; Wood et al., 2000a; Lodolo et al., 2002; Lee et al., 2005;
Weitemeyer et al., 2006; Schwalenberg et al., 2010; Attias et al., 2016). Electrical conductivity/resistivity measured by CSEM provides information about the
bulk properties of the pore fluids, complementary to structural information obtained from seismic data. Thus, a joint interpretation of coincident seismic and
CSEM data could improve the characterisation of gas hydrate deposits (Attias
et al., 2016; Goswami et al., 2017; Schwalenberg et al., 2017). However, such joint
elastic-electrical approaches require a suitable rock physics framework to constrain
the elastic-electrical parameters and link them to petrophysical properties of the
reservoir (e.g., Du and MacGregor , 2010; Han et al., 2011a, 2016).
The elastic and electrical properties of sediments are predominantly controlled
by parameters such as mineralogy, porosity, pore-fluid and saturation, grain
shape/alignment, and temperature (e.g., Ellis et al., 2010). Yet, important microstructural details that control the elastic/electrical response of sedimentary
rocks are often ignored in rock physics models used for hydrate quantification
(e.g., Helgerud et al., 1999; Ecker et al., 2000; Weitemeyer et al., 2011). For exam-
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ple, hydrate estimation from seismic data is frequently done by using a heuristic
approach which combines a contact model and Gassmann’s equation to model the
elastic response of hydrate bearing sediments (e.g., Helgerud et al., 1999; Ecker
et al., 2000; Goswami et al., 2015). Although used with some success, only a random distribution of spherical grains are considered in this approach, making it
less suitable for modeling more complex microstructural configurations. Likewise,
the empirical law of Archie (Archie et al., 1942) is frequently applied to calculate
gas hydrate saturation from CSEM resistivity data. This empirical law has been
used with some success, however, it was derived from unconsolidated sand packs
in the laboratory, and has been shown to work well for clay-free sedimentary rocks
(Mendelson and Cohen, 1982).
Effective medium methodologies are commonly employed to derive the bulk
elastic and electrical properties of microheterogeneous sedimentary rock (e.g.,
Sheng, 1990, 1991; Berryman, 1992; Hornby et al., 1994; Carrara et al., 1994;
Jakobsen et al., 2000; Carcione et al., 2007). Although largely limited to seismic
data, these methods have been applied for hydrate quantification (e.g., Jakobsen
et al., 2000; Sain et al., 2010; Ghosh et al., 2010). Nevertheless, Archie’s law is
still widely used for hydrate estimation from electrical resistivity data (e.g., Weitemeyer et al., 2011; Goswami et al., 2015; Constable et al., 2016; Attias et al., 2016;
Schwalenberg et al., 2017), even when such joint elastic-electrical interpretation
is being done (e.g., Goswami et al., 2015). In order to exploit fully both elastic and electrical properties of rocks for improved characterisation, both property
responses should be linked by a common microstructure, as would be in reality. Clearly, the use of Archie’s law in conjunction with an elastic model (phenomenological/microstructural) does not do this, and should only be a first attempt. Therefore, multi-property rock physics models capable of predicting the
bulk response of microheterogeneous composites are essential for realistic quantitative interpretation of remotely-sensed properties.
We employ an effective modeling approach based on a combination of the selfconsistent approximation (SCA) (e.g., Hill , 1965; Te Wu, 1966) and the differential
effective medium (DEM) (e.g., Cleary et al., 1980; Berryman, 1992) theories. A
detailed motivation for this approach is given by Sheng (1990), who was the first
to introduce this concept. Sheng (1990) showed that the combined SCA/DEM
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method reproduces the microstructural feature of bicontinuity of phases in sedimentary rocks at any finite porosity, which implies the existence of fluid pathways.
This idea has been used with success in modeling bulk elastic properties of shales
(e.g., Hornby et al., 1994), hydrate bearing sediments (e.g., Jakobsen et al., 2000;
Chand et al., 2006; Ghosh et al., 2010), and for modeling the joint elastic and
electrical properties of clay-bearing sandstones (e.g., Han et al., 2011b). This
combined SCA/DEM approach explains the observed correlations between elastic
and electrical properties of sedimentary rocks, which is particularly important for
modeling the bulk electrical properties of sedimentary rocks, as it relies on fluid
connectivity for conducting electricity.
Here, we model the joint elastic-electrical properties of clay-rich, hydrate bearing sediments by extending the modeling approach of Han et al. (2011b). Detailed
analysis of sediment cores from a gas hydrate pipe-like structure and an adjacent
reference site provided us with (i) evidence for the existence of gas hydrate at the
site of interest, (ii) localized porosity, elastic, and electrical properties, and (iii)
characterisation of the lithology in three different scales: macro, meso, and micro.
We used the information obtained from these cores for the model inputs and to
confirm the background sediment resistivity and velocity values (from seismic and
CSEM data) used for calibration of the effective medium model. Consequently,
our joint effective medium model is well constrained. The resulting joint elasticelectrical effective medium model was then applied for hydrate quantification using
seismic and CSEM remote sensing datasets from our study region, which were previously analyzed by Plaza-Faverola et al. (2010a) and Attias et al. (2016). This
multifaceted approach could provide a more accurate quantification of gas hydrate
at the site of interest.

7.3

Geologic Setting

The Norwegian Marginal Sea is located northwest of Norway, bound by the North
and Greenland Seas between 62◦ N, 5◦ E to 71◦ N, 25◦ E (Eastern flank); and 62◦ N,
6◦ W to 65◦ N, 13◦ W (Western flank). The Norwegian continental margin encompasses the Nyegga region (Figure 7.1, inset map), which is positioned NW of the
Storegga slide between the Vøring and Møre sedimentary basins, extending over
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200 km2 (e.g., Bünz et al., 2003; Brekke, 2000). The Nyegga region lies in water
depths of ∼700–800 m, with a seabed slope angle of ∼1◦ (Hovland et al., 2005;
Plaza-Faverola et al., 2010a).
Both the Nyegga and Storegga regions show sediment compaction patterns
with varying thicknesses, resulting from glacial–interglacial climate cycles (e.g.,
Dahlgren et al., 2002; Kjeldstad et al., 2003). The Miocene / Early Pliocene Kai
and the Plio / Pleistocene Naust sediment Formations (e.g., Dalland et al., 1988;
Eidvin et al., 1998) host the Nyegga and Storegga gas hydrate systems (e.g., Bünz
et al., 2003; Berndt et al., 2003; Westbrook et al., 2008a; Senger et al., 2010). The
Kai Formation sediment consists of fine grained hemipelagic oozes, whereas the
Naust Formation is characterized by sharp lithological fluctuations resulting in
debris flow deposits and hemipelagic sediments (Bünz et al., 2003; Hustoft et al.,
2007).
South to north, there is an elongated anticline of approximately 240 km long
and 60 km wide, named the Helland–Hansen Arch that lies beneath Nyegga (e.g.,
Kjeldstad et al., 2003). This anticline enabled thermogenic gas to propagate upward
from deep hydrocarbon-rich reservoirs, promoting fluid expulsion which disrupted
the seabed homogeneity by forming an extensive pockmark field along the Nyegga
region (Judd and Hovland , 1992; Bouriak et al., 2000; Hovland et al., 2005; Hovland
and Svensen, 2006; Plaza-Faverola et al., 2010a). These pockmarks are underlain
by pipe-like structures, caused by the vertical movement of fluids and gas (e.g.,
Bouriak et al., 2000; Berndt et al., 2003; Plaza-Faverola et al., 2011). Nyegga’s
pipe-like structures accommodate gas hydrates in a low saturation state, with an
estimated volume that is equivalent to approximately 15,000 million barrels of oil
(Senger et al., 2010).
Our study focuses on the CNE03 pockmark (Figure 7.1). The morphology of
this pockmark is of Type-2 according to the classification system of Sultan et al.
(2010); Riboulot et al. (2011, 2016), suggesting that it is primarily controlled by
the formation and dissociation of gas hydrates. The CNE03 pockmark is underlain
by an irregular pipe-like structure that is ∼200 m in diameter at the seabed and
∼500 m at the base of the gas hydrate stability zone (BGHSZ) (e.g., Bünz et al.,
2003; Plaza-Faverola et al., 2010a).
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Figure 7.1: Bathymetry of the CNE03 pockmark area, showing sediment core
locations. The black line represents coincident CSEM and seismic surveys. Inset
map: location of the CNE03 pockmark, Nyegga region, offshore Norway. Right
image: hydrates (white areas) observed in the sediment core retrieved from within
the CNE03 pockmark.
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At its center, the CNE03 pipe-like structure presents an intense seismic scattering and attenuation, bounded by pull-up of reflectors in its margins (Ivanov
et al., 2010; Plaza-Faverola et al., 2011, 2012). The CNE03 pockmark is thought
to contain a relatively high concentration of hydrates, formed in sub-vertical veins
sequentially to vertical migration of thermogenically-sourced gas into the hydrate
stability zone via polygonal faults and fractures (Plaza-Faverola et al., 2010a, 2011;
Attias et al., 2016). The CNE03 hemipelagic sediments are classified as low permeability glacial–interglacial silty clay (e.g., Bünz et al., 2003; Jain and Juanes,
2009; Ivanov et al., 2010).

7.4

Methods and Results

7.4.1

CSEM and Seismic Data

Seismic and CSEM surveys conducted at the CNE03 pockmark resulted in a comprehensive analysis of the elastic and electrical properties of this pockmark, as
described by Plaza-Faverola et al. (2010a) and Attias et al. (2016). In brief, PlazaFaverola et al. (2010a) constructed a V P model using TomoInv, a reflection time
tomography software (Delbos et al., 2001, 2006). Their model shows that the
P-wave velocity within the CNE03 pipe-like structure ranges between ∼1.6 and
1.9 km/s (Figure 7.2a), collocated with a columnar seismic blanking zone (CSBZ)
that is often associated with the presence of hydrates (e.g., Riedel et al., 2002;
Boswell et al., 2015). Outside the CNE03 pipe structure, the background velocity
ranges between ∼1.6 and 1.7 km/s. We note that the velocities (<1.7 km/s) in the
upper part of the model between 0–80 meters below seafloor (mbsf) are poorly constrained, due to low ray coverage (Plaza-Faverola et al., 2010a). Between 80 mbsf
and 280 mbsf (BGHSZ), V P gradually increases. For comparison with our effective
medium model, we divided this varying V P into three depth intervals and averaged
the values of each region, yielding velocities of 1.75 km/s (VP 1 ), 1.83 km/s (VP 2 ),
and 1.9 km/s (VP 3 ) for depth intervals of 80–180, 180–200, and 200–280 mbsf,
respectively (Figure 7.2a).
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Figure 7.2: (a) Seismic velocity and (b) resistivity models obtained from south to
north profile (Figure 7.1), co-rendered with 2-D high-resolution seismic reflection
section (modified from Attias et al. (2016)). White rectangles bound the area of
which V P and resistivity data were averaged and extracted for comparison with
the effective medium model. The V P data was dived into three distinctive velocity
regions. Black arrows denote the columnar seismic blanking zone (CSBZ) observed
in seismic reflection data throughout the CNE03 pipe-like structure. The seismic
reflection profile was acquired using a GI-gun source and seismic streamer with
three 25 m long active sections, carrying 37 hydrophones each (Westbrook et al.,
2008b). The CSEM data was collected using the University of Southampton CSEM
system, as described by Attias et al. (2016).
Attias et al. (2016) delineated the resistivity structure beneath the CNE03 pipelike hydrate accumulation (Figure 7.2b) using 2.5-D CSEM inversion constrained
by the collocated seismic reflection and tomography information (Westbrook et al.,
2008b; Plaza-Faverola et al., 2010a, 2012). This CSEM inversion gave resistivity
values of ∼3 Ωm within the CNE03 pipe-like structure, and ∼1.3–1.5 Ωm outside
of the pipe structure (Figure 7.2b). Consistent with the V P data, we extracted the
resistivity values observed between 80 and 280 mbsf within the CNE03 pipe-like
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structure (Figure 7.2b). Within this depth range, resistivity variations with depth
are insufficient to justify assigning different values for the different depth intervals
defined from the velocity model.

7.4.2

Sediment Core Analysis

Sediment cores were retrieved from within the CNE03 pockmark and a nearby site
where the sediments have not been altered by the presence of hydrates. We used the
latter samples to represent the regional background. To study the characteristics
of a gas hydrate driven lithology, we analyzed these cores at three different scales
- meter (macro), centimeter (meso) and sub-millimeter (micro) scales.
7.4.2.1

Core Acquisition and Initial Characterisation

Sediment cores of ∼6.8 m and ∼8 m length were recovered from within the CNE03
pockmark and a background site, respectively, using a piston corer. The background site is located ∼150 m NW of the CNE03 pockmark (Figure 7.1), and
hence represents undisturbed sediments for comparison with hydrate-bearing sediments. Both sediment cores were cut into sections of 1.25 m length (15 in total)
and stored at 5◦ C. A macro-scale analysis was performed using all sediment sections. First, the core sections were measured for petrophysical properties using the
Geotek Multi-Sensor Core Logger (MSCL-S) (Weaver and Schultheiss, 1990; Weber
et al., 1997). Second, the cores were split vertically, imaged using Geotek’s Core
Imaging System (MSCL-CIS), classified into four major lithofacies and visually
logged.
In general, the background core contained consistently pale brown foraminiferarich sediment, whereas the CNE03 core exhibit a varied lithology of finely-grained
ooze and coarse shell horizons (Figures 7.3a,c). The background sediment represents a continuous hemipelagic sequence (Lithofacies B), containing variations
in microfossils and lithic content consistent with slowly settled marine clays (Figure 7.3a, Table 7.1).
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No macrofossils are visible in this core. Bioturbation is variable throughout
the background core (Figure 7.3a), ranging from large horizontal black burrows
(up to 1 cm diameter) to small (<2 mm) trace fossils, which after splitting faded
to mute-brown due to oxidation. Basaltic tephra blebs are apparent in units BG2
and CN5 (Figure 7.3a, Table 7.1). No hydrates were detected in the background
core upon recovery, neither are cavities observed (Figure 7.3a).

Figure 7.4: CNE03 core section X-ray analysis. (a) Sediment image and a close-up
X-ray image of the core section between 176–192 cm core depth (taken using the
ITRAX core scanner spanning the central 2 cm of the core). Red rectangle denotes
the region from the X-ray image that was enlarged. (b) Zoomed-in X-ray image.
Blue rectangles denote the presence of intact and articulated bivalves, which indicates deposition in-situ or with minimal reworking. Extracted and cleaned valve
of species identified as the chemosynthetic Isorropodon nyeggaensis sp. bivalves,
shown with left exterior view (c) and left interior view (d).
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During onboard core splitting, hydrates were observed at the base of the CNE03
core (Figures 7.1, 7.3c), which decomposed via bubbling, similar to the dissociation
of hydrate recovered from within the CNE03 pockmark by Ivanov et al. (2007).
The CNE03 sediment varies from pale gray to green-gray, with frequent cavities,
indicative of hydrate dissociation (Figure 7.3c). Surrounding these cavities, the
gray muds are altered to a pale green/brown (Figure 7.3c and Table 7.1, Lithofacies
C). Two shell horizons are observed within the CNE03 core (Figure 7.4), hosting
sparse dark gray carbonate nodules. These horizons are marked by a gradual
increase of the shell frequency, best observed in the X-ray images (Figure 7.4b).
The upper shell horizon (Figure 7.4b and Table 7.1, Unit CN2) extends for
∼40 cm and contains intact articulated bivalves, suggesting an in-situ bivalve assemblage. The extracted shell (Figures 7.4c,d) was identified as the chemosynthetic
Isorropodon nyeggaensis sp. bivalve (Krylova et al., 2011), also referred to as cf.
Calyptogena sp. (Ivanov et al., 2010). The Isorropodon nyeggaensis sp. bivalve
belongs to the chemosymbiotic families, which metabolites via chemosymbiosis
by hosting intracellular sulfide oxidizing bacteria (e.g., Cavanaugh, 1983; Distel ,
1998). Isorropodon bivalve and other methane seep macrofauna communities were
also recovered from pockmarks adjacent to CNE03 (Ivanov et al., 2010; Krylova
et al., 2011). Thus, the retrieved Isorropodon nyeggaensis sp. shell provides additional evidence for contemporary methane influx and hydrate formation within
the CNE03 pipe-like structure.
The CNE03 core has higher resistivity, and V P values than the background core,
whereas the porosity in both cores ranges between ∼0.55 and ∼0.65 (Figure 7.3b).
The resistivity of the background sediment is comparable with a resistivity log
obtained from a borehole located ∼24 km NW of the CNE03 pockmark (Senger
et al., 2010). These sediments are less disrupted than the CNE03 sediments, as
indicated by the resistivity and V P measurements (Figure 7.3b).

a

Pale green-grey, fine grained muds. None visible,
Foraminifera present, some of large size. lithofacies D
No visible laminations or sedimentary
structures, patches of orange-brown staining and cavities of variable size. Clathrate
recovered from this lithofacies onboard

Shell horizon of intact methanogenic Isorropodon bivalves. X-rays reveal articulated
shells, some carbonate nodules present (up
to 3 cm)

C

D

BG units = Background sediment, CN units = CNE03 sediment.

Diffuse, concentration of
shells gradually increases
and decreases within surrounding sediments

grades into

Pale brown-grey brown silts. Variable con- Indistinct, non-erosive
tent of ice-rafted debris, occasional blebs
of tephra and abundant planktic and benthic foraminifera. Units are distinguished
by variable amounts of bioturbation visible
as oxidised burrows

B

Boundaries

Medium grained muddy sands orange Undulating lower boundary,
brown in colour, rich in foraminifera
upper surface at core top

Description

A

Lithofacies

CN2, CN4

CN1, CN3, CN5

BG2–BG10

BG1

Unitsa

Interpretation

Presence of methanogenic
biota, indicative to free gas
fluxes and hydrate formation

Altered hemipelagic and
pockmark ooze. Along CN5
there are cavities, indicating
the dissociation of hydrate
clathrates.
Tephra bleb
observed in CN5.

Hemipelagic diamicton

Winnowed Holocene sands

Table 7.1: Lithofacies units of the background and CNE03 sediment cores.
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The resistivity of the CNE03 sediments ranges between ∼2 and 3.5 Ωm, comparable with our remote sensing CSEM results (section 7.4.1). The average porosity
of both the background and CNE03 cores is approximately 0.6, consistent with a
nearby well-log data (Hustoft et al., 2009b). We note that no P-wave velocity measurements could be obtained below ∼2.5 mbsf of the CNE03 core because of the low
density of the sediments, which indicates the presence of micro-fractures, cavities,
or water. Dissociation of pre-existing hydrate most likely caused the cavities observed in section A of the CNE03 core (Figure 7.3c). The comparison of sediment
cores (on and off CNE03) demonstrates the distinct difference between undisturbed
regional sediments and highly disturbed sediments beneath the CNE03 pockmark,
presumably resulting from free gas influx, hydrate formation and dissociation, and
the presence of chemosynthetic shells.
7.4.2.2

X-Ray Diffraction Analysis

X-ray diffraction (XRD) analysis was used to characterize the mineralogy of the
CNE03 sediment (Table 7.2). 1.5 grams of sediment sample were ground for 8
minutes in 5 ml of propane and dried out overnight at 50◦ C.
Table 7.2: X-ray diffraction (XRD) for semi-quantitative bulk analysis of the individual minerals that forms the CNE03 sediments a .

a
b

Mineral

Quantity (%)

Clay
Quartz
Calcite
Magnesium Calciteb
K-feldspar

55
17.5
8
8.2
3.6

The sediment sample for XRD was obtained from the CNE03 core at ∼6 mbsf.
Magnesium Calcite is indicative of biogenic activity.
The sample was then side loaded (to reduce preferred orientation) to an X-ray

tube. Finally, a semi-quantitative bulk mineral analysis was undertaken using a
least squares method similar to that used in FULLPAT (Chipera and Bish, 2002)
and the Microsoft Excel-based programs RockJock (Eberl , 2003). This analysis
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indicates that the dominant mineralogy is clay, making up 55% of the sediment
composition, followed by 17.5% quartz and smaller concentrations of calcite, magnesium calcite and K-feldspar (Table 7.2).
7.4.2.3

Laboratory Measurements of Elastic and Electrical Properties

We measure the elastic and electrical properties of our sediment cores on six and
four cylindrical samples (5 cm wide and 2 cm length) extracted from the background and CNE03 core sections, respectively, at varying depths. The resulting
samples were slightly confined (0.2 MPa) in a pressure cell where ultrasonic (600
kHz) P-wave velocity (V P ) and electrical resistivity were measured, in rapid succession. V P was measured using the pulse-echo technique (McCann and Sothcott,
1992), which provides useable frequencies between 300 and 1000 kHz with absolute
accuracies of ±0.3% for velocity (Best, 1992). The electrical resistivity was measured using 16 stainless steel electrodes, distributed radially in two rings around
the sample. The sixteen resistivity measurements were taken using 0.5 mA of alternating current at a frequency of 80 Hz, then averaged to yield a single resistivity
value per each sample. The accuracy of this measurement is ±5%, for samples
with electrical resistivity range of 1–100 Ωm (North et al., 2013; North and Best,
2014). All the elastic and electrical measurements were conducted at a temperature of ∼2◦ C, in a laboratory with a controlled ambient temperature of ∼20◦ C
and humidity of 55%. The porosity was later calculated from weight differences
between the saturated and oven-dried (at 40◦ C) samples.
Our meso-scale measurements show V P and resistivity values that are higher
than those obtained from the macro-scale measurements (Figure 7.3b). This discrepancy is likely related to the 0.2 MPa of confining pressure applied for the
measurements. The porosity estimated from the meso-scale samples are consistent
with the macro-scale data (Figure 7.3b). Overall, we observe very little difference between the elastic and electrical properties of the background samples and
the CNE03 samples (Figure 7.3b). Due to the meso-scale measurement’s confining
pressure, the resistivity and V P values are overestimated, in this case limiting their
interpretation regarding evidence of pre-existing hydrate dissociation phenomena
in the core retrieved from the CNE03 pockmark.
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Electrical resistivity tomography

Electrical resistivity tomography (ERT) experiments are often used to monitor the
formation and dissociation of hydrate (e.g., Priegnitz et al., 2015). Here, we used
ERT to measure the resistivity distribution within the samples extracted from
the background and CNE03 core sections. The ERT system is comprehensively
described by North et al. (2013). In brief, this apparatus utilizes a controlled
current source with an array of 16 electrodes (in configuration as described in
section 7.4.2.3), which acts as both current injector and voltage probe. Voltage is
measured between different electrode pairs, spaced two electrodes apart. Thirteen
consecutive measurements are made with all offset electrode pairs, resulting in a
total of 208 measurements (North et al., 2013).
The electrical resistivity tomography (ERT) data were inverted using an
isotropic finite element algorithm, to derive the resistivity distribution from the
measured voltage (North et al., 2013). Figure 7.5 shows a comparison between the
electrical resistivity tomography of the background and CNE03 meso-scale samples,
retrieved from ∼6.8 mbsf.
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Figure 7.5: Electrical resistivity tomography (ERT). (a) Three transverse ERT
images through the background core sample obtained from ∼6.8 mbsf (Figure 7.3a,
core section A). (b) Three transverse ERT images through the CNE03 core sample
obtained from ∼6.5 mbsf, in proximity to the location of gas hydrate recovery
(Figure 7.3c, core section A).
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ERT of the background sample yields a relatively low and homogenous resistivity (Figure 7.5a) compared to the heterogeneous and higher resistivity observed in
the CNE03 sample (Figure 7.5b). The resistivity of the background sample (∼2–
3 Ωm) is consistent with the resistivity obtained from the macro-scale measurement
(Figure 7.3b). The relatively high resistivity (∼3–6 Ωm) observed in the CNE03
sample might be related to micro-fractures, pore-water freshening from hydrate dissociation, or free gas trapped in fragments of embedded shells (Figures 7.3b,c, 7.4),
but most likely a combination of these three factors. This meso-scale ERT analysis
supports the notion that the CNE03 core sample previously contained hydrates,
which dissociated during core recovery.
7.4.2.5

X-Ray Computed Tomography (X-CT) Scans

To analyze the background and CNE03 sediment cores on a micro-scale, we performed CT measurements using a GE Phoenix industrial X-CT. CT imaging can
contribute in assessing grain size, density and porosity, and detect any presence of
biota (e.g., Bin et al., 2013). For this purpose, ∼2 mm diameter samples were extracted from the top of each core section and placed in X-ray scanning tubes. First,
all samples were scanned using a voltage of 150 kV and current of 80 µA, yielding a
resolution of ∼36 µm. Second, selected samples were sub-sampled and re-scanned
using 80 kV and 120 µA, producing high-resolution ∼4 µm CT images. All scans
were conducted at a room temperature of ∼22◦ C and atmospheric pressure. The
pore distribution was derived from the CT high-resolution scans. Our CT scans
illustrate the microstructure of the sediments obtained from the background and
CNE03 micro-scale samples (Figure 7.6). A significant difference is observed between the composition and density of the background sample, in comparison to
the CNE03 sample (Figures 7.6a,b). The background sample is relatively homogeneous, fine-grained and tightly compacted (Figure 7.6a). In contrast, the CNE03
sample is heterogeneous and coarse-grained, contains the remains of a biogenic
substance, and large cavities (Figure 7.6b). The CNE03 micro-scale sample has a
wide range of pore volumes (Figure 7.6c), indicative of voids presumably caused
by the dissociation of pre-existing hydrate.
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(c)

(b)

Figure 7.6: CT scans of micro-scale samples obtained from the background and
CNE03 cores, approximately 0.5 mbsf. (a) Side view of the background sample. (b) Side view of the CNE03 sample. The red color outlines a fragment of
the Isorropodon nyeggaensis sp. chemosynthetic shell. The yellow color outlines
a foraminifera. Note the significant difference in composition between the background and CNE03 micro-scale samples. (c) 3-D view showing the pore distribution within the CNE03 sample. The green and red colors denotes large pores, most
likely caused by voids. The CT resolution is not high enough the see the grain
contacts and porosity, due to the rich-clay sediment.

7.4.3

Effective Medium Modeling Approach

Effective medium theories have been used widely and successfully to model the bulk
response of a microheterogeneous composite (e.g., Sheng, 1990; Ellis, 2008; Han
et al., 2011b). Although these theories do not incorporate the actual description of
the microstructure, one can still deduce a consistent description of the microstructure involved as these theories do have physical representations (Jakobsen et al.,
2000). The microstructural features of a composite medium control its elastic and
electrical properties to a large extent, and as such, a consistent description of the
seismic and electrical response of a medium should incorporate some detail of the
microstructural configuration.

7.4. Methods and Results

134

Pore-filling (non-load-bearing) and grain-displacing are the most common gas
hydrate morphologies observed in nature (e.g., Riedel et al., 2006; Collett et al.,
2008; Boswell et al., 2009; Priest et al., 2015). Using the combined SCA/DEM
model Ghosh et al. (2010) demonstrated that a pore-filling morphology only moderately alters the inferred hydrate saturation in comparison to a mixture of porefilling and grain-displacing morphology. Additionally, gas hydrate has been shown
to commonly form as a disseminated pore-filling phase in regions where the hydrate saturations is lower than 40% (Spangenberg and Kulenkampff , 2006; Zhao
et al., 2015). Therefore given that the hydrate saturation that has been reported
for the CNE03 pockmark falls below 40% (e.g., Plaza-Faverola et al., 2010a; Westbrook et al., 2008b; Attias et al., 2016), and that this morphology is supported by
analysis of our core samples (sections 7.4.2.1 and 7.4.2.5), we chose a pore-filling
morphology for our model.
Sedimentary rocks generally contain phases that are biconnected (i.e. the pore
space is connected, and the solid phase is also continuous) at any finite porosity
(e.g., Berryman, 1992; Hornby et al., 1994). The model considered here is a biconnected sediment and pore space, where the pore space contains hydrate and
brine connected phases. In effect, we have a three–phase composite consisting of
sediments, hydrate, and brine. Sheng (1990) introduced an approach for creating
a biconnected two–phase composite by combining the self-consistent approximation (SCA) and differential effective medium (DEM) theories. The DEM theory
ensures the connectivity of the background phase (the starting phase), while the
inclusions remain isolated at any given porosity (e.g., Berryman, 1992; Hornby
et al., 1994). However, the SCA theory implies a biconnected effective microstructure between porosities of 0.4 and 0.6 (Sheng, 1990; Jakobsen et al., 2000). We refer
to the porosities where the phases are connected in the SCA theory as the critical
porosity (ϕc ) (e.g., Ellis, 2008; Han et al., 2011b). This biconnectivity of phases
might not be very important for modeling some properties, as it has been used
successfully, for example, to model elastic properties (Sheng, 1990). Nevertheless,
using the same approach for elastic DEM and electrical DEM of a sandstone would
grossly overestimate the electrical resistivity, well beyond what is seen in practice
(e.g., Han et al., 2011b). Therefore, neither the SCA nor DEM theories can model
independently the effective properties of a biconnected composite at any porosity,

7.5. Effective Medium Model Application to CSEM/Seismic Data 135
making a combination of both theories necessary.
In this study, we have adapted the approach used by Han et al. (2011b). The
SCA and DEM equations used here are isotropic formulations (e.g., Mavko et al.,
1998; Ellis, 2008; Han et al., 2011b). For a two-phase (e.g., sediment and brine)
medium, the procedure for creating a biconnected composite is as follows (e.g.,
Sheng, 1990; Jakobsen et al., 2000; Han et al., 2011b). The first step is to obtain an
effective medium at the ϕc (i.e. a porosity where the phases are biconnected, e.g.,
0.4, 0.5, or 0.6) using the SCA theory. Then, the DEM theory is used to obtain the
effective medium at any porosity by starting with the value at ϕc as the background
and adding sediments for porosities < ϕc , and adding brine for porosities > ϕc .
This gives the effective properties of a biconnected composite at any porosity. We
model the hydrate bearing sediments as a three–phase system consisting of mineral
(sediment), brine and hydrates. The mineral content of the sediments is known
from the XRD analysis. However, we assume a 55% clay content and 45% quartz
content (Table 7.2) for simplicity, both of which we combine to get a single mineral
phase we refer to as “CQ mix”.
To obtain a three–phase effective medium, we have two steps of the two–phase
modeling, with the sequence determining the microstructural representation of
the final medium (Han et al., 2011b). For a brine saturated, clay-rich sediment
with pore-filling hydrates, where the constituents are connected, the procedure
is as follows: First, we use the two–phase SCA/DEM method described above
for combining hydrate and brine; then, we combine this hydrate and brine mix
with the CQ mix using the two–phase SCA/DEM approach again, giving the final
three–phase effective medium.

7.5

Effective Medium Model Application to
CSEM/Seismic Data

We apply the effective medium modeling approach described above to estimate the
hydrate content from the resistivity and velocity values obtained from the CSEM
and seismic data (section 7.4.1), respectively. The depth of interest ranged between
80–280 mbsf, where both velocity and resistivity anomalies are observed within
CNE03 pipe-like structure are robust (Figure 7.2), presumably coincident with
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gas hydrate driven CSBZ. The ideal situation would be to calibrate the model to
controlled laboratory experiments on hydrate-bearing sediments from the location.
However, we do not have such measurements. Therefore, we have adopted the
following approach. First, we fit a two–phase SCA/DEM model of sediments (our
CQ mix) and brine to the background response (no hydrate) by seeking a realistic
combination of inputs. This step is done to calibrate some input model parameters
in order to obtain a base model. The second step is then to use the calibrated
model parameters for the three–phase effective medium modeling as described in
section 7.4.3.
The inputs for individual constituents in effective medium models are (i)
the bulk and shear moduli for the elastic models, (ii) the electrical resistivity/conductivity for the electrical models, and (iii) the aspect ratios and volume
fractions for both models. Although the bulk and shear moduli of clay minerals are poorly known because of the absence of large crystals for direct measurements, there is a reasonably narrow range that is widely used in the literature
(e.g., Hornby et al., 1994; Jakobsen et al., 2000; Ellis, 2008; Han et al., 2011b).
Likewise, electrical resistivity values of clay minerals are not well known, unlike
quartz and carbonates which are usually taken as insulators. However, values that
fall within the range of 1–100 Ωm are reported (e.g., Telford et al., 1990; Han
et al., 2011b). For the initial two phase background model, we assumed a porefluid salinity range of 60–40 ppt ((Smith et al., 2014)) for background sediments
between 80–280 mbsf, respectively. These salinity values are equivalent to resistivity range of 0.16–0.19 Ωm, by applying the equations of state proposed by Fofonoff
(1985); Lewis and Perkin (1981).
The values given in Table 7.3 were used to fit the two-phase SCA/DEM model to
the background values of velocity and resistivity. We used a critical porosity ϕc of
0.6, which is consistent with the value commonly used for clay-rich sediments (e.g.,
Ellis, 2008), and the average porosity measured in our sediment cores (Figure 7.3b).
Clay minerals are generally of low aspect ratio (e.g., Hornby et al., 1994; Jakobsen
et al., 2000), and although other minerals such as quartz might have higher aspect
ratios, we used a single aspect ratio for simplicity. This single aspect ratio can be
viewed as an effective (or average) aspect ratio as suggested by Han et al. (2011b).
We found that for an average porosity of 0.6, a combination of 0.2 aspect ratio, ϕc
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of 0.6, and the physical properties of clay, quartz, and brine (Table 7.3), the two–
phase model was able to fit the background sediment V P and CSEM resistivity
averaged values of 1.7 km/s and 1.4 Ωm, respectively (Figures 7.7a,b). The V P
and resistivity data obtained from the background core analysis (Figure 7.3b) also
show good agreement with the calibrated model (Figures 7.7a,b), thus, validating
our two–phase model calibration procedure.

Table 7.3: Physical properties of the constituents used in the SCA/DEM effective
medium models.
Constituent

K (GPa)

µ (GPa)

ρ (Ωm)

d (g cm−3 )

Quartz

36.6

45

105

2.65

Clay

20.9

6.85

33

2.58

CQ mixa
Brine
Hydrate

26.7
2.29
7.9

15.63
0
3.3

95
0.185
200

2.61
1.025
0.925

References
Mavko et al. (1998); Han et al.
(2011b)
Mavko et al. (1998);Han et al.
(2011b);Telford et al. (1990)
Computed
Telford et al. (1990)
Best et al. (2013)

* K = Bulk modulus, µ = Shear modulus.
* ρ = Resistivity, d = Density.
a
Clay+Quartz (CQ) mix, containing 55% clay and 45% quartz.
Next, we used the parameters obtained from the model calibration to generate
a three–phase model where hydrates are included. Using the three-phase combined
SCA/DEM method and hydrate properties taken from Best et al. (2013), we generated a three–phase model that describes the elastic and electrical response for
the entire range of hydrate saturation (Figure 7.8a). As a general trend, hydrate
content increases with porosity, controlling the joint elastic-electrical properties
of a pore-filling hydrate reservoir. At constant hydrate saturation, V P and electrical resistivity decrease with increasing porosity, as expected (i.e., for a given
hydrate content, brine content increases with porosity, leading to decrease in bulk
resistivity and sediment stiffness).
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Figure 7.7: SCA/DEM two-phase model calibration. The line shows the model
calibrated to the background response from the seismic and CSEM datasets (Figure 7.2) when a sediment porosity of 0.6 is assumed, while the data points are
the values from core measurements. The two-phase model contains the CQ mix
(phase 1) and brine (phase 2). (a) V P vs. porosity (b) Resistivity vs porosity.
The V P and resistivity data obtained from the macro-scale core measurements
(Figure 7.3b) are in good agreement with the calibrated model.
The generated three-phase model can be utilized as a template onto which
the CSEM and seismic derived resistivities and velocities from points of interest
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can be overlain to estimate the hydrate content. We used velocities VP 1 , VP 2 ,
VP 3 and ∼3 Ωm resistivity (Figure 7.2), to produce three sets of V P –resistivity
pairs in order to estimate the hydrate saturation within the three intervals shown
in Figure 7.2a. For each interval, the V P and resistivity are similar, so we can
randomly assign porosity values between 0.55–0.65 to each V P –resistivity pair in
order to evaluate what hydrate saturation estimates correspond at these porosity
ranges. This is because we do not know what the actual porosity is, however, we
know it should fall within a range of 0.55–0.65 in accordance with the regional
porosity (Hustoft et al., 2009b), and the porosity derived from the CNE03 core
measurement (Figure 7.3b).
Figure 7.8 shows the three sets of V P –resistivity pairs superimposed on our
joint elastic-electrical SCA/DEM model for hydrate estimation at the porosities of
interest. In the upper depth interval, we infer a hydrate saturation of ∼20–34%.
In the middle depth interval, the inferred hydrate saturation increases to ∼25–
40% (Figure 7.8b). In the deeper depth interval, the inferred hydrate saturation
is ∼30–48%. For the entire porosity range (0.55–0.65) and all depth intervals, the
hydrate saturation varies between 20 and 48%. Using the weighted contribution of
each depth interval (V P dependent) to this CSEM–seismic combined prediction of
hydrate saturation, we infer that for porosities 0.55, 0.6 and 0.65, the means of gas
hydrate content are ∼25, 30 and 40%, respectively, within CNE03 between 80 and
280 mbsf. For the regional average porosity (0.6), the gas hydrate content is ∼23,
33 and 37% for depth intervals of 80–180, 180–200 and 200–280 mbsf, respectively
(Figure 7.8b).
Previous seismic velocity and CSEM resistivity (using Archie’s) analysis to
predict the hydrate content within CNE03 inferred saturations of ∼27% (PlazaFaverola et al., 2010a) and ∼38% (Attias et al., 2016), respectively, as derived for
the entire depth (seafloor to the BGHSZ) of the pipe-like structure. Hence, our joint
elastic-electrical approach yields an inferred hydrate saturation that is between the
individual seismic and CSEM predictions, whereas the anomalous depth intervals
are constrained better. Based on these results, it is possible that the seismicderived prediction may underestimate the gas hydrate content at CNE03, whereas
the CSEM-derived prediction overestimates it.
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Three phase joint elastic-electrical SCA/DEM model

Resistivity (Ωm)

(a)

150
100
50
0
0

5
0.2

4

0.4

Porosity

0.6

2

0.8

1

1

3

Vp (km/s)

Resistivity (Ωm)

(b)
Depth interval 1: 80 - 180 mbsf
Vp1 ≈ 1.75 km/s
Resistivity ≈ 3 Ωm

50

Depth interval 2: 180 - 200 mbsf
Vp2 ≈ 1.83 km/s

φ = 0.6
GH ≈ 33%

φ = 0.55
GH ≈ 30%
GH ≈ 25%
GH ≈ 20%

Resistivity ≈ 3 Ωm

φ = 0.6
GH ≈ 37%

Depth interval 3: 200 - 280 mbsf
Vp3 ≈ 1.90 km/s

Resistivity ≈ 3 Ωm

0
φ = 0.65
GH ≈ 48%
GH ≈ 40%
GH ≈ 34%

GH ≈ 23%
φ = 0.6

0.6

Porosity

1

0.8

2

Vp (km/s)

Gas hydrate content
0.1

0.3

0.5

0.7

0.9

Figure 7.8: Comparison of the joint elastic-electrical properties obtained from
the combined self-consistent approximation (SCA)/differential effective medium
(DEM) model with CSEM and seismic remote sensing data. (a) Three phase
SCA/DEM model illustrate changes in gas hydrate (GH) content as a function
of varying porosity (), electrical resistivity and seismic velocity. Note that the
models are color-coded by volumetric gas hydrate content. Values extracted from
the seismic and CSEM data (Figure 7.2) overlay the effective medium model. (b)
Expanded image from (a), showing the hydrate estimates from the three sets of
V P –resistivity pairs for a narrower porosity range. These three sets of values (V P
dependent) are denoted by white, white-black gradient, and black circles, correlated with a porosity range of 0.55–0.65, in accordance with the regional porosity
(Hustoft et al., 2009b) and CNE03 core measurements (Figure 7.3b).
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Discussion

Our results indicate that the background and CNE03 sediments exhibit significant
differences in all three scales (macro, meso, micro) analyzed. A detailed characterisation of the local lithology is essential to achieve a well-constrained and accurate
quantification of a gas hydrate deposit. Here, we highlight the distinctive lithology of the CNE03 pockmark and discuss the merits of the joint elastic-electrical
SCA/DEM modeling scheme for gas hydrate quantification.

7.6.1

Gas Hydrate Quantification

The combination of elastic and electrical properties from collocated CSEM and
seismic data can improve quantitative interpretation of hydrate-bearing deposits
and other natural resources. However, the key to such a joint interpretation is a
valid joint elastic-electrical rock physics model which links the rock-fluid properties
to elastic and electrical responses (Du and MacGregor , 2010; Han et al., 2016). The
elastic and electrical properties of rocks and sediments are significantly affected by
their microstructure. Therefore, the modeling should consider differences in the
microstructural distribution of the rock constituents. In practice, collocated measurements of elastic and electrical properties are responses from single microstructure, hence, capturing this consistency in microstructure is essential for a rigorous
rock physics approach. This can be achieved by using rock physics models that can
compute the elastic and electrical properties of a heterogeneous composite using
the same microstructure. The SCA and DEM theories (and the combination of
both) used in this study have elastic and electrical formulations with a consistent
microstructural description between both properties. Our modeling scheme defines
the sediment microstructure, and thus, has advantages over Archie’s empirical law
and phenomenological approaches where the underlying microstructure is unclear
or unknown.
In addition to being sensitive to microstructural details, rock physics models are
also sensitive to the petrophysical properties of the sediments, making them prone
to non-uniqueness. The joint elastic-electrical approach contributes to reduce this
non-uniqueness. To constrain further the rock physics models, we made use of
data from a comprehensive analysis of the retrieved sediment cores. The informa-
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tion from core data aid to constrain important controls on elastic and electrical
properties such as the mineralogy and porosity. These steps helped to reduce the
non-uniqueness in the models significantly. The aspect ratio used in the modeling
is not very well-constrained, as it is difficult to estimate accurate aspect ratios,
even from core data, due to the variety of aspect ratios that can be found in sediments. Clay minerals have low aspect ratios while minerals such as quartz and
calcite are normally assigned with aspect ratios equal to unity (e.g., Hornby et al.,
1994; Mavko et al., 1998; Jakobsen et al., 2000). Han et al. (2011b) suggested calculating an effective aspect ratio of each inclusion by averaging individual aspect
ratios weighted by their volume fractions as a way of mitigating this complexity.
Although we arrived at the aspect ratio of 0.2 by fitting a two-phase model to
the background response, this value is in agreement with that derived from the
averaging approach suggested by Han et al. (2011b). If we assume the pore space
(brine) is of the same low aspect ratio as clay, and both of them equal to 1/40 (e.g.,
Jakobsen et al., 2000), then assigning an aspect ratio of 1 to quartz and averaging
the aspect ratios by their volume fractions gives an aspect ratio of about 0.2.
Isotropy justification: Clay-rich sediments are anisotropic when the clay minerals are preferentially aligned in a given direction. However, we have used isotropic
formulations of the effective medium theories because a comparison between CSEM
isotropic and anisotropic inversions suggested that anisotropy at CEN03 is very
subtle, and the isotropic models were able to fit the data adequately (Attias et al.,
2016). Therefore, accounting for anisotropy without the information/data to constrain it would lead to more uncertainties from additional free parameters (e.g.,
anisotropic mineral moduli, orientation distribution functions). Consequently, we
applied an isotropic approach, where the low aspect ratio clay minerals are randomly aligned. Comparisons of the collocated electrical and elastic datasets with
the joint elastic-electrical SCA/DEM models, enabled us to determine the depth
dependent lower and upper bounds of the gas hydrate saturation in the CNE03
pipe-like structure (Figure 7.8). We note that because CNE03 is fed by free gas
from beneath the BGSHZ (Bünz et al., 2003; Plaza-Faverola et al., 2010a; Attias
et al., 2016), it is plausible that both gas hydrate and free gas coexist within this
pipe-like structure, as inferred for similar pipe-like structures offshore Svalbard
(Goswami et al., 2015, 2016).
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Further Insights From Cores

The background sediments demonstrate subtle variations in foraminiferal content
and ice-rafted debris, with moderate to extensive bioturbation throughout. These
sediments present consistent color, with gradually increasing resistivity down-core,
correlated with hemipelagic silts (Figure 7.3a). There is no evidence of deposition of mass wasting events, and stratification is only visible through horizons
of intensely bioturbated material. Furthermore, this background core exhibits a
continuous record of open marine sedimentation, unaffected by hydrothermal or
chemosynthetic processes.
In contrast, the sediments obtained from the CNE03 pockmark show large
cavities, intact shell-rich horizons, and potent sulfide odor. This odor suggests the
presence of sulfide oxidizing bacteria, hosted by Isorropodon nyeggaensis sp. shell
and consume methane as part of their metabolism (e.g., Distel , 1998). Thus, these
features are all indicative of hydrate formation and dissociation processes. The
properties of the CNE03 core are consistent with cores collected from pockmarks
elsewhere in the North Atlantic (e.g., Paull et al., 2008; Panieri et al., 2014). The
shell-rich horizons (Figure 7.4, Table 7.1) detected in the CN2 and CN4 units of
CNE03 (Figure 7.3c) are interspersed with cavities across the core. Radiocarbon
analysis to compare these shells and benthic foraminifera to those obtained from
the Storegga Slide (e.g., Evans et al., 1996; Hjelstuen et al., 2005; Micallef et al.,
2007), may elucidate whether a widespread methane release in Nyegga and the
Storegga Slide occurred simultaneously or sequentially.
Fragments of carbonate nodules were observed in the vicinity of these shell-rich
horizons, consistent with the recovery of methane-derived authigenic carbonates
from nearby pockmarks (Hovland et al., 2005; Mazzini et al., 2006; Ivanov et al.,
2010). Authigenic carbonates normally precipitate in the near-seafloor sediments
as a result of methane oxidation by microbial communities (e.g., Hustoft et al.,
2007; Mazzini et al., 2006; Petersen et al., 2010; Riboulot et al., 2016; Crémière
et al., 2016). Therefore, we postulate that authigenic carbonates may contribute to
the higher resistivity observed near the seafloor (<10 mbsf) at CNE03, whereas the
resistivity and V P anomalies detected at depth are likely hydrate and not authigenic carbonate. However, our core data does not extend deep enough to confirm
this. We postulate that both the shell-rich horizons and authigenic carbonates
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most likely formed during periodic venting of methane from this pockmark, consistent with previous findings from the Nyegga pockmark field (Paull et al., 2008;
Vaular et al., 2010).

7.7

Summary and Conclusions

This paper offers both qualitative and quantitative analysis of the CNE03 gas
hydrate pipe-like structure, in the Nyegga region, Offshore Norway.

A rock

physics framework that links the elastic and electrical properties of an effective
medium was applied to quantify gas hydrate saturation from coincident CSEM
and seismic data. Sediment cores were characterized at macro-, meso- and microscale for lithological and petrophysical properties, providing important constraints
on model inputs. The self-consistent approximation and differential equivalent
medium theories were combined to generate a biconnected three-phase model,
with the steps chosen to achieve an idealized representation of pore-filling hydrate
morphology.
Based on this work, we conclude the following:
1. The sediment core analysis provides evidence for the formation and dissociation of gas hydrate within the CNE03 pipe-like structure, as inferred from
the recovery of hydrate, chemosynthetic bivalve and cavities observed.
2. The background V P and resistivity values obtained from the macro-scale
measurements are comparable with the seismic velocity and CSEM resistivity data derived from the area adjacent to the CNE03 pockmark.
3. Comparison of the collocated CSEM and seismic datasets with the joint
elastic-electrical SCA/DEM model indicate that the gas hydrate saturation
within CNE03 ranges from ∼20% to ∼48%, at a porosity range of 0.55–0.65,
between depths of 80 and 280 mbsf.
4. For porosities 0.55, 0.6, and 0.65, the hydrate saturation varies between
∼20–34%, ∼23–37%, and ∼30–48%, whereas the weighted means are ∼25,
30 and 40%, respectively.
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5. The hydrate saturation at CNE03 gradually increases with depth, whereas
the highest hydrate saturation is near the base of the gas hydrate stability
zone.
6. The elastic-electrical combined analysis predicts hydrate saturation (∼30%)
that is higher than the elastic (∼27%) and lower than the electrical (∼38%)
individual predictions, previously conducted at CNE03.
7. The coupling of marine CSEM and seismic data using a joint elasticelectrical effective medium model can help to improve the estimation of
hydrate saturation.
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This thesis provides a comprehensive geophysical analysis of marine gas hydrate
deposits, particularly focusing on the hydrate structure beneath the CNE03 pockmark, Nyegga region, offshore Norway. I demonstrated that sub-seafloor structures, such as gas hydrate can be detected , delineated , and quantified by a
joint interpretation approach that uses seismic, CSEM and core datasets coupled
by effective medium modelling.

8.1

Summary of Main Findings

Based on the results presented in Chapters 5, 6 and 7, I conclude the following:
1. Unconstrained CSEM inversion models detected the CNE03 pipe-like
structure sufficiently.
2. Seismically constrained CSEM inversions delineated the CNE03 pipe-like
structure with higher precision than the one achieved by unconstrained
inversions, indicating that it is ∼200 m wide and ∼290 m long.
3. Collocated resistivity and V P high anomalies are observed within the CNE03
pipe-like structure.
147
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4. The anomalous resistivity within the CNE03 pipe-like structure above and
below the BGHSZ is &3 Ωm.
5. The continuity of high resistivity within CNE03 pipe-like structure, along
with the V P contrast across the BGHSZ, indicate that gas hydrate primarily
occupy the sediment’s pore space above the BGHSZ, whereas a free gas
accumulation exists below the BGHSZ between the depths of ∼1.75 and
∼2.25 km.
6. The spatial sensitivity of CSEM inversions can be determined by a series of
synthetic studies adequately.
7. CSEM combined inversions of towed and ocean-bottom receivers data
resolved the gas hydrate resistivity structure beneath CNE03 unequivocally,
independent of seismic constraints.
8. Inversions of the towed CSEM receiver data revealed four new pipe-like
resistive structures in the vicinity of the CNE03 pockmark.
9. Detailed sediment core analysis provided strong evidence for the formation
and dissociation of gas hydrate within the CNE03 pipe-like structure.
10. Coincident seismic and CSEM datasets, compared with a joint elasticelectrical effective medium model, suggest that between depths of 80 and
280 mbsf the hydrate saturation within CNE03 ranges from ∼20% to ∼48%,
at a porosity range of 0.55–0.65.
11. Assuming porosities of 0.55, 0.6, and 0.65 within the CNE03 pipe-like
structure, the gas hydrate saturation varies between ∼20–34%, ∼23–37%,
and ∼30–48%, with weighted mean values of ∼25, 30 and 40%, respectively.
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12. The coupling of marine CSEM and seismic data with a joint elastic-electrical
SCA/DEM model yielded a rigorous estimate of the gas hydrate saturation
within the CNE03 pipe-like structure in comparison to the estimation derived
by Archie’s equation. For example, at the regional average porosity of 0.6,
the inferred gas hydrate using Archie’s is 38%, whereas the SCA/DEM joint
model indicates hydrate saturation of 30%, hence 20% lower than estimated
by Archie’s.
In summary, the results presented in this thesis validates the results obtained from
previous gas hydrate studies, provides new insights and demonstrates state-of-theart methodologies to be utilised in future marine gas hydrate research.

8.2

Future Marine EM Systems

A considerable portion of this work was derived from the data acquired by the
towed and seafloor receivers used in our CSEM survey.

Nevertheless, I note

that the CSEM instruments and survey configuration employed in this study
are far from providing an ideal setup for the characterisation of deeper and
more complex geologic structures.

For such purpose, a meticulous design of

both seismic and CSEM surveys is required, in such way that these methods
will complement each other and thereby enhance the quality of the overall data.
To jointly interpret sub-seafloor targets, it is preferable that the seismic and
CSEM data will be acquired simultaneously with an inline arrays of seismic
and EM sensors, in order to achieve an ideal complementary results from
the two datasets that share coincident navigational information (Du and Hosseinzadeh, 2014; Engelmark , 2014; Du and Key, 2015; Srnka and Constable, 2017).
At present, the seismic methods (including instruments, processing software’s
and inversion algorithms) are substantially more advanced than the marine EM
methods. Therefore, I predict that the gap between these methods will soon be
bridged, with innovative state-of-the-art marine EM systems that will provide an
accurate 3-D imaging of shallow and deep Earth’s structures.
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My vision for future marine EM includes a multicomponent system that will
require the following advancements both in instrument design and computation:

I. The EM system will include an EM transmitter, two modes seafloor
receivers (MT and CSEM with depth sensitivities of ∼200 and 610 km,
respectively), which are similar to the instruments used by SIO and EMGS
(as mentioned in Chapter 3) but with the addition of a large array (∼10
units) of autonomous underwater vehicles (AUV) as untethered flying EM
receivers, to yield high-resolution resistivity imaging for depths 6200 m.
Although still in early development stage, CSEM sounding using AUV has
been applied to explore submarine massive sulphides (Goto et al., 2011,
2013) and marine gas hydrate (Bloomer et al., 2016). All the instruments
of this EM system will communicate independently between them, using
a multi-mode, opto-acoustic communication system, as the one developed
by the Woods Hole Oceanographic Institution2 for AUVs and untethered
remotely operated vehicles (ROVs).

II. In an ideal scenario (independent of time and financial constrains), the MT
receivers will acquire data before the active part of the survey, to enable
a preliminary description of the conductivity/resistivity properties of the
region of interest.

III. The MT receivers will then perform a first order categorisation of the EM
information and transmit it to a CSEM source instrument, then switch from
MT to CSEM mode (to increase the gain of the preamplifiers and reduce
data storage demand) before the active part of the survey starts.

IV. Based on a predefined algorithm, the CSEM transmitter will utilise the
information obtained from the MT receivers, to optimise the properties of
the active source (i.e. transmission rate, ideal current, frequency range,
preamplifiers gain, altitude, source-receiver offsets), and thereby, ideally
2

http://www.whoi.edu/page.do?pid=119416&tid=3622&cid=163149
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adjusting the EM survey system to the underlain geology (e.g., oil or gas
province, geothermal pockets, groundwater reservoirs, geosequestration sites,
salt domains, subduction zones). Additionally, the transmitter will determine
both the logger settings and flying configuration of the AUV receiver array.
Thus, the array will track the transmitter at varying source-receiver offsets,
inline/parallel flying configuration, altitude, and dip, to achieve a site-specific
data acquisition, optimally.

V. Data from all instruments will be streamed continuously to the ship for quality
control, preliminarily analysis, and refinement of the survey design.

8.2.1

Next Generation EM Algorithms: Deep Neural Networks Machine Learning

Artificial neural networks (ANN) algorithms are often used in geophysical
applications (e.g., McCormack et al., 1993; Poulton et al., 1992; Calderón-Macı́as
et al., 2000; Van der Baan and Jutten, 2000), some designed for EM modelling
(Hoole, 1993; Ramuhalli , 2002; Wan et al., 2008). With continuous progress in the
field of pattern recognition, a branch of deep neural networks machine learning
(e.g., Weiss and Kapouleas, 1990; Bishop, 1995; Ripley, 1996; Schmidhuber ,
2015), I predict that EM inversion algorithms will soon be enhanced significantly.
Such enhancement will include a deep learning pattern recognition ANN, which
will scan public geophysical data archives and recognise joint patterns between
archived datasets and the data obtained from the region of interest. In the next
step, the pattern recognition ANN platform will prioritise, rank, and weight the
lithological and physical patterns that were detected. Finally, this information
will be utilised as an a-priori multi-parameter iteratively refined scheme, to yield
a robust 3-D resistivity imaging of the subsurface.

8.2. Future Marine EM Systems

152

The advantage of employing such pattern recognition deep learning algorithms
is that the a-priori information will become more relevant and accurate with
cumulative inversions from different geological regions, and with each iteration for
a single-site inversion.
To design and build such semi-automated EM system with an interface to
pattern recognition ANN, will require a substantial investment in research and
development. However, I believe that future capital investments will be motivated
by the necessity to explore new and uncharted marine territories, driven by both
environmental and economic implications.

Science is imagination in a straitjacket.
— Richard Feynman
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