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Abstract

Marine electromagnetic methods provide useful and
independent measures for the identification and quantifi-
cation of submarine gas hydrates. The resistivity of
seafloor sediments, drawn from area-wide electromag-
netic data, mainly depends on the sediment porosity and
the nature of the pore fluid. Gas hydrates and free gas are
both electrically resistive. The replacement of saline
water, thus conductive pore water with resistive gas
hydrate or free gas, increases the sediment resistivity and
can be used to provide accurate saturation estimates if the
background lithology is known. While seismic methods
are predominantly used to study the distribution of
submarine gas hydrates, a growing number of global
field studies have demonstrated that the joint interpreta-
tion of marine seismic and electromagnetic methods
improves the evaluation of submarine gas hydrate targets.
This article discusses the relationship between resistivity
and free gas/gas hydrate saturation levels, how the
resistivity of the sediment may be measured and summa-
rizes the status and results of current and past field
studies.

6.1 Introduction

The exploration of submarine gas hydrate deposits demands
robust methods and survey designs that address certain
fundamental questions, including: (a) where do gas hydrates
occur? (b) how can they be identified? (c) how are they

distributed within the gas hydrate stability zone (GHSZ)?
(d) what are the properties of the surrounding sediment?
(e) and what are the gas hydrate saturation levels?
Answering these questions requires geophysical methods
that are sensitive to the physical properties of gas hydrates
and have penetration depths covering the entire GHSZ. Next
to seismic methods, marine electromagnetic methods and
controlled source electromagnetic (CSEM) methods in par-
ticular have provided some of the most important insights
into the sub-seafloor gas hydrate distribution, having been
used globally since first considered by Edwards (1997).

Marine electromagnetic methods are complementary to
seismic methods on various levels. The most important
complementary data from these two methods allow for the
differentiation between the impact of methane hydrates and
gas on the physical properties of electrical resistivity and
seismic velocity. Electrical resistivity increases when gas
hydrates and/or free gas are present in the pore space of
sediment. The compressional velocity also increases with
higher gas hydrate saturation levels, but decreases if free gas
is present in the pore space. This leads to the characteristic
amplitude reversal at the base of the hydrate stability zone
known as the bottom simulating reflection (BSR). Shear
wave velocities, on the other hand, are only affected by gas
hydrates and not by free gas. Deriving electrical resistivity
models together with a reflection seismic section and
velocity models therefore put spatial constraints on the
electrical resistivity distribution, allowing for the distinction
of free gas and hydrate saturation levels in the sediment.

Differences in the resolution capabilities of these two
methods also make them well-suited for cooperative evalu-
ation. Reflection seismic data allow for the delineation of
structures associated with hydrate occurrences at high reso-
lution. Seismic images of chimneys and faults (representing
the conduits and pathways that free gas and gas-charged
fluids use to migrate into the GHSZ, forming gas hydrate
deposits) and high amplitude reflections may indicate local
gas hydrate accumulations. Such high-resolution imaging is
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not possible with CSEM data due to the diffusive nature of
low frequency electromagnetic field propagation. However,
the seismically-derived structures may be implemented
a-priori to sharpen boundaries when deriving the electrical
resistivity model.

This article discusses the effects of gas hydrates and free
gas on the electrical properties of sediment, and how
hydrate/free gas concentration estimates can be derived from
electrical resistivity models. We cover the general concept of
marine CSEM, which is the preferred method for deriving
the electrical resistivity model for hydrate exploration.
Before moving on to two examples of field surveys in the
last section, we provide an overview of the heterogeneous
types of electromagnetic instrumentation developed at dif-
ferent academic institutions for hydrate exploration over the
last two decades.

6.2 Electrical Properties of Gas Hydrates

While seismic velocity is governed by properties of the rock
matrix, electrical resistivity yields a measure of the pore
fluid. The rock matrix of the sediment has a very high level
of resistivity, with the main electrical conduit occurring
through the movement of ions in the pore fluid. The bulk
electrical resistivity (or its reciprocal electrical conductivity)
of marine sediment is, therefore, primarily a function of
sediment porosity, permeability and the resistivity of the
pore fluid, which decrease with an increase in salinity and
ion content. The replacement of conductive pore fluid by
resistive constituents such as gas hydrates or free gas
increases the bulk resistivity. The experimentally derived
Archie’s equation (Archie 1942) is commonly used to cal-
culate the formation resistivity qbulk given the porosity / and
pore fluid resistivity qfluid

qbulk ¼ a/�mqfluidS
�n ð6:1Þ

where a and m are empirically derived coefficients from
sources such as borehole data or laboratory measurements on
sediment samples. Typical values for a are in the range of
0.9–1.1 (theoretically 1.0 at 100% porosity, Winsauer et al.
1952), with m varying between 1.4 and 2.2 for marine
sediment (Cook and Waite 2018). The sediment porosity /
may be provided from drilling, core samples, or seismic
velocity and electrical resistivity data of hydrate/gas-free
background lithologies. The pore fluid resistivity qfluid is a
function of salinity, temperature and pressure (e.g., Fofonoff
1985; McDougall and Barker 2011) and is often assumed to
equal the seawater resistivity, measured by a
conductivity-temperature-depth probe close to the seafloor.
The saturation S denotes the fraction of pores space filled
with pore water and is 1.0 for hydrate- and gas-free marine

sediment. Accordingly, the gas hydrate or free gas saturation
level can be derived setting Sh = (1 − S) with the empirical
saturation exponent n in Eq. (6.1). Pearson et al. (1983)
presented an average saturation exponent of n = 1.9386 for
gas hydrates, which has been frequently used for borehole-
and CSEM-derived gas hydrate saturation level estimates
(e.g., Collett and Ladd 2000; Tréhu et al. 2006; Weitemeyer
et al. 2011). Theoretically, n may vary in the range of 0.5–
4.0 (Spangenberg 2001), depending on porosity, grain size,
grain distribution and saturation itself. The saturation
exponent was recently revised by Cook and Waite (2018),
who suggest using n = 2.5 ± 0.5 in the absence of inde-
pendent estimates.

6.2.1 Saturation Estimates

The accuracy of saturation estimates using Archie’s
Eq. (6.1) depends on appropriate assumptions of the coeffi-
cients a, m and n, as well as about the porosity and pore
water resistivity. This requires the availability of porosity
profiles from seismic data, compaction trends, temperature
gradients, pore water salinity data, or (for the most precise
results) physical constraints derived from nearby borehole
data. Also, if the presence of clay is not considered, it may
lead to deviations from Archie’s equation and thus false
saturation estimates (e.g., Jackson et al. 1978; Worthington
1993; Salem and Chilingarian 1999). Correction methods for
incorporating clay content have been suggested by Lee and
Collett (2006) and Sava and Hardage (2007), among others.
In the absence of any other constraints, first order saturation
estimates can be derived from anomalous resistivities nor-
malized by the background resistivity profiles of
hydrate-free zones, assuming similar lithologies (Sch-
walenberg et al. 2005).

The importance of being able to constrain the input
parameter of Archie’s equation is outlined in Fig. 6.1, which
shows equivalent solutions for constant bulk sediment
resistivity as a function of porosity, saturation and cemen-
tation factor m. The figure demonstrates that for low resis-
tivities close to typical seafloor sediment resistivities (i.e., 1
and 3 Xm), there is in theory a wide solution space in terms
of reasonable porosity, cementations factor and saturation
values. Thus, accurate free gas/hydrate saturation estimates
in the realm of only slightly elevated bulk resistivities
require a good knowledge of porosity and m. For high
resistivities, the solution space is reduced and thus the
associated high saturation values can be determined more
accurately.

As emphasized above, the presence of free gas within the
GHSZ also increases the bulk resistivity but decreases seismic
velocities, which may result in disparities between saturation
estimates from electrical resistivity and velocity data. Under
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normal conditions, gas hydrates will form within the GHSZ if
gas and water are available beyond the solubility limit of gas
in water. In tectonically active areas, free gas may migrate
high up into the GHSZ along faults and chimneys, if the gas
supply and pressure are high enough. Such features have
distinct acoustic patterns such as local high amplitude
reflections and blanking, which can be recognized in reflec-
tion seismic profiles (e.g., Riedel et al. 2002; Liu and Flem-
ings 2006; Bünz et al. 2012; Crutchley et al. 2015). The joint
analysis of resistivity data, seismic reflection and velocity
data along with borehole data therefore reduces ambiguities in
the interpretation, yielding information on how hydrates are
distributed within the sediment matrix (Ellis et al. 2008b) and
leading to more accurate hydrate saturation level estimates
(Attias et al. 2020).

6.3 Marine CSEM Principle

The marine CSEM method is based on the diffusive propa-
gation of electromagnetic (EM) signals, which are generated
by an electric or magnetic source dipole on or close to the
seafloor, and the response signal of the ground recorded by
electric or magnetic receiving dipoles, which can also be
placed on the seafloor or towed behind the source dipole
(e.g., Ward and Hohmann 1988; Edwards 2005; Constable
2010). EM field propagation follows the principle of EM
induction, where time-varying EM fields generate eddy

currents in a conductive media; in this case that media is the
surrounding seawater and the seafloor (e.g., Nabighian
1991). Note that in terrestrial cases air is non-conductive,
and induction can only take place in the ground.

EM fields are attenuated and phase shifted while propa-
gating outwards from the source. These effects are functions
of the surrounding resistivity, thus containing information
about the seafloor. Attenuation also limits the penetration
depth (i.e., the depth window), which may be investigated.
A simple formula used to calculate the penetration depth is
d = 500 (q/f)1/2 (e.g., Nabighian 1991), which denotes the
depth in meters where the amplitude of the source signal at
frequency f or time T = 1/f is reduced by a factor of 1/e in a
homogeneous medium of resistivity q. Within this depth
window, the resolution is highest for shallow regions using
high frequency or early time data and decreases with sedi-
ment depth, where lower frequencies or late times are
required to generate measurable signals. An increase in the
dipole moment of the source (length and current amplitude
for an electric source dipole, number of loops, area and
current amplitude for a magnetic source dipole) increases the
amplitude of the source signal and thus the signal-to-noise
ratio of the received signal, such that higher frequencies and
earlier time signals at larger offsets can be recorded. This
may counteract the resolution problem to a certain degree.
An increase in resolution is also achieved by generating
multiple frequency signals with the transmitter through
appropriate current patterns in the electric or magnetic

Fig. 6.1 Upper panels show the schematics of two-phase high porosity
sediment (left). Electrical conduction occurs through ions in the pore
water. Right panel shows a schematic for reduced pore space filled with
gas hydrates and free gas. Lower panel shows equivalent solutions of

Eq. (6.1) for constant bulk resistivities of 1, 3, 10, and 30 Xm,
respectively, in terms of porosity, saturation level and cementation
factor m, setting a = 1 and n = 2
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source dipole. The current propagation and the recorded data
can be analyzed in either the time domain or the frequency
domain (Avdeeva et al. 2007; Connell and Key 2013).

Figure 6.2 displays the propagation in time of EM fields
generated by a horizontal electric source dipole placed on a
uniform seafloor (left) and a model with a 3D resistive target
included (right). EM fields are attenuated outwards from the
source, decaying faster in the conductive upper layer rep-
resenting the ocean than in the lower resistive seafloor. The
3D resistive target causes higher field amplitudes arriving at
earlier times on the seafloor at distance from the source
dipole.

6.4 CSEM Data Interpretation

CSEM data interpretation requires the identification of a
resistivity model to explain the measured data. This is typ-
ically performed by numerical modeling and inversion. The
derivation of a discrete electrical resistivity model from
CSEM data is (as most geophysical problems) an ill-posed
problem, as the measured data are digitized and discrete
point measurements are each associated with an error. Thus,
a solution to the inverse problem is non-unique and an

arbitrary number of models may predict data that fit the
measured data within the error.

Further ambiguity arises from the fact that the physics of
the EM method preclude the resolution of independent
parameters. For example, a thicker, less resistive layer may
generate the same model response as a thinner, more resis-
tive layer. Both are equivalent models explaining the data
and only the resistivity-thickness product of the layer can be
resolved. Generally in marine EM, the upper boundary of a
resistive anomaly such as a hydrate/free gas target is usually
well constrained, while the lower boundary may be more
poorly resolved. Lateral contrasts can also be accurately
resolved depending on data coverage, depth and complexity
of the target.

Iterative inversion schemes are commonly used to derive
a resistivity model from the data. In an iterative scheme, a
starting resistivity model is altered iteratively until the pre-
dicted response of the model fits the observed data within the
error. The iterative inversion process is stabilized by
including a regularization term in the least square formula-
tion of the objective function (Tikhonov and Arsenin 1977).
Given the diffusive nature of EM field propagation, a com-
monly used procedure is to apply a weighted roughness
penalty term with the aim to find the optimum minimum

Fig. 6.2 Electromagnetic propagation of a horizontal electric dipole
(HED) on the seafloor, left for a uniform seafloor resistivity model of 1
Xm, right with a resistive 3D body (10 Xm, 50 m thickness at 50 m
below seafloor), simulating a gas hydrate deposit for two steps in time
(top and bottom rows). Electromagnetic energy decays outwards with
time and is clearly biased by the resistive block, causing higher electric

field amplitudes and earlier arrival times at the seafloor where
measurements are taken. Arrows show the direction of the total electric
field in the x–z plane and colors show the total electric field normalized
with the DC current density, which corresponds to the apparent
resistivity of the total field
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structure model that fits the data (Occam-type inversion,
Constable et al. 1987), which has become the standard in
EM data interpretation. A drawback of the methodology is
that due to the non-linear nature of the problem, the resulting
model may depend on the starting model. For 2D marine EM
data interpretation, we mention the open-source code
MARE2DEM by Key (2016).

Another class of tools used for interpretation are Bayesian
inversion methods, which randomly search the solution
space using Monte Carlo-type methods, providing statisti-
cally derived measures of model uncertainties without the
assumption of linearity between model and data spaces (i.e.,
Ray et al. 2013; Gehrmann et al. 2016). Due to the com-
putational costs, the use of Bayesian methods have been
limited to 1D marine EM problems, while Occam inversion
is the standard in 2D and forthcoming in 3D inversions.

Both regularized and statistical approaches allow the
incorporation of a-priori information into the inversion
process (i.e., layer boundaries from seismic sections or
resistivity constraints from borehole data). This helps to
constrain the number of possible models and to find joint
solutions explaining all available data but may also add bias
to the model-finding process.

6.5 CSEM Instrumentation and Exploration
History

A variety of EM survey methods have been adapted or
developed for the area-wide exploration of submarine gas
hydrates. Here we provide an overview of those survey

layouts that have been used in field studies published in the
literature. Sketches of the described survey configurations
are shown in Fig. 6.3.

6.5.1 Seafloor-Towed Systems

The use of marine CSEM for the exploration of submarine
gas hydrates was first suggested by Edwards (1997) in the
late 1990s. He proposed the use of a seafloor-towed electric
dipole–dipole system and an analysis in time domain.
A system with a *100 m long transmitting dipole and two
receiving dipoles at adjustable offsets between 170 and
385 m was developed and used for gas hydrate studies on
the Cascadian Margin offshore Vancouver Island (Yuan and
Edwards 2000; Schwalenberg et al. 2005; Gehrmann et al.
2016), offshore Chile (Schwalenberg et al. 2004) and on the
Hikurangi Margin of New Zealand (Schwalenberg et al.
2010) (see also Fig. 6.4 for locations of global marine CSEM
studies). An advanced seafloor-towed system (HYDRA)
with up to five electric receiving dipoles at offsets between
150 and 850 m from the 100 m source dipole has been used
to study gas hydrates on the Hikurangi margin (Schwalen-
berg et al. 2017), and in the offshore Danube Fan of the
western Black Sea (Schwalenberg et al. 2020). The target
depths of these systems reach from seafloor to 200–500 m
below, depending on transmitter receiver offsets and the bulk
resistivity of the seafloor.

A seafloor-towed magnetic dipole–dipole system with a
total length of 50 m and three receivers at offsets of 4, 13
and 40 m from the magnetic source (Evans 2007) was used

Fig. 6.3 Sketch of possible marine electromagnetic survey layouts.
Exemplarily shown are the seafloor-towed electric dipole–dipole system
(i.e., HYDRA) and the deep-towed horizontal electric dipole transmitter
(i.e., SUESI/DASI with VULCAN receivers), which are 2D profiling

methods. Deep-towed dipole sources and the perpendicular dipole
seafloor transmitter (SPUTNIK) used in conjunction with stationary
ocean bottom electromagnetic receivers (OBEMs), are appropriate for
3D CSEM exploration. References are provided in the text
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to study gas hydrates in deep-water seafloor mounds in the
northern Gulf of Mexico (Ellis et al. 2008a), and gas hydrate
targets offshore southwest Taiwan (Hsu et al. 2014). The
system focuses on the shallow seafloor, reaching down to
depths of 20–30 m below seafloor, but in principle can be
extended to greater depths.

Seafloor-towed systems are obviously limited to smooth,
sediment-covered seafloor conditions, which are generally
found at the continental slope regions where most gas
hydrate studies take place. In regions where the seafloor is
protected or occupied by seafloor infrastructure, the
deployment of seafloor-towed systems may be prohibited.
While seafloor-towed measurements minimize signal loss in
the ocean layer by directly coupling to the seafloor, mea-
surement progress is slow, typically in the order of 0.5–1.0
knots. The advantage of seafloor-towed systems is that
transmitter–receiver offsets, which needs to be accurately
identified for the data analysis, do not change during sur-
veying and do not require complex navigation procedures.
Only the layback of the instrument to the vessel is measured
acoustically. Data quality is usually very high at much lower
source signal amplitudes (*10–20 A) compared to
deep-towed transmitter sources (*100–500 A). Areas of
interest can be surveyed in higher resolution by stopping the
array and increasing the stacking depth at shorter intervals.

6.5.2 Deep-Towed Systems

Ocean bottom electromagnetic (OBEM) receivers have been
used for passive magnetotelluric studies of the oceanic crust
and mantle for many decades (e.g., Filloux 1987; Baba
2005, and references therein). The development of
deep-towed transmitters with a horizontal electric dipole
antenna, used to collect CSEM data in conjunction with
stationary OBEM receivers, pushed applications towards
shallower target depths from seafloor to 1–2 km below
(Sinha et al. 1990; Flosadottir and Constable 1996; Con-
stable 2013). This has opened the door for application in the
offshore hydrocarbon exploration industry (e.g., Ellingsrud
et al. 2002; Edwards 2005; Constable 2010). OBEM recei-
vers are placed on the seafloor along profiles or on a grid and
the CSEM source with dipole lengths of 50–200 m is towed
at 50–100 m above seafloor over the survey area. The source
signal typically has a square waveform with a fundamental
frequency around 1 Hz or of multiple frequency content
(Myer et al. 2011), and amplitudes in the order of 100–500
A or even higher for industry applications. The configuration
has been used to study gas hydrates at Hydrate Ridge off-
shore Oregon (Weitemeyer et al. 2011), the northern Gulf of
Mexico (Weitemeyer et al. 2017) and in the South China Sea
(Wang et al. 2015).

Fig. 6.4 Overview of marine CSEM gas hydrate surveys to date
(numbers in squares). The underlying map by Ruppel and Kessler
(2017) shows the thickness of the theoretical GHSZ by Kretschmer
et al. (2015) with locations of known (blue circles) and inferred (red
circles) gas hydrate occurrences by Ruppel and Kessler (2017).
(1) Cascadia Margin: Yuan and Edwards (2000), Schwalenberg et al.
(2005), Mir and Edwards (2011), Gehrmann et al. (2016), (2) Hydrate
Ridge: Weitemeyer et al. (2006, 2011); (3) Outer California Border-
lands: Kannberg and Constable (2020); (4) Northern Gulf of Mexico:

Ellis et al. (2008a); Weitemeyer and Constable (2010), Weitemeyer
et al. (2017); (5) Chile Margin: Schwalenberg et al. (2004); (6) Beaufort
Shelf, Alaska: Sherman et al. (2017); (7) Vestnesa Ridge and Svalbard
Margin: Goswami et al. (2015; 2016); (8) Norway: Attias et al. (2016,
2018); (9) Western Black Sea: Schwalenberg et al. (2020); Duan et al.
(2020); (10) South China Sea: Jing et al. (2019); Wang et al. (2019);
(11) SW Taiwan Sea: Hsu et al. (2014); Jegen et al. (2014); (12) Japan:
Goto et al. (2008); OFG (2014, 2015, 2018); (13) Hikurangi Margin,
New Zealand: Schwalenberg et al. (2010, 2017)
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On one hand, this set-up has much higher operational
costs and faces more logistic efforts compared to the
seafloor-towed systems. Elaborate navigation procedures are
required to obtain accurate transmitter and receiver positions
for the data analysis (Weitemeyer et al. 2011; Key and
Constable 2021), and small-scale, shallow targets may
therefore be overlooked due to the saturation of receiver data
at short offsets (Attias et al. 2018).

On the other hand, larger survey areas can be covered
using comparable ship time. Both, inline and broadside data
of the electric and magnetic fields are recorded, which pro-
vide 3D information of the sub-seafloor electrical structure if
the receivers are deployed in a grid. Magnetotelluric data
recorded before or after the CSEM survey provide con-
straints of the deeper seafloor and can be included in the
analysis. Further, deeper targets can be surveyed at greater
offsets, and measurements can be carried out in areas with
seafloor infrastructure without risking damage or loss of
instrumentation.

A recent advancement in this setup is the development of
three-component electric field receivers (VULCAN, Con-
stable et al. 2016), which are deep-towed at fixed offsets
behind the CSEM transmitter antenna. The data can be
jointly analyzed with the OBEM data, which significantly
improves target resolution. A combination of one or more
Vulcan receivers and OBEM receivers have been used to
study gas hydrate targets at Vestnesa Ridge west of Svalbard
(Goswami et al. 2015), at the Svalbard continental slope
(Goswami et al. 2016) in the central Norwegian margin
(Attias et al. 2018) and at the outer California Borderlands
(Kannberg and Constable 2020).

A special case of a deep-towed system is the marine DC
resistivity system (MANTA, Goto et al. 2008). It consists of
a deep tow transmitter package (with a 20 A current
amplitude) followed by a buoyant, *160 m long streamer
with seven current dipoles that vary in length from 20 to
100 m, and offsets from 65 to 132 m from the receiving
dipole. The system has been used to study gas hydrate tar-
gets in the Japan Sea, and is sensitive down to *100 m
below seafloor (Goto et al. 2008).

6.5.3 Other Systems

Two other unique CSEM experiments are mentioned,
although they do not fit into the classifications of the pre-
vious section.

A stationary seafloor electric dipole–dipole system was
installed at the Bullseye node of the Neptune Canada
Observatory at Cascadia, offshore Vancouver Island (Mir
and Edwards 2011). It monitored the CSEM data of the local
gas hydrate system over a period of *2 years before it was
removed from the observatory. The system consisted of a

seafloor transmitter with a 95 m long dipole antenna and five
receiving units, which were distributed in 200 m offsets.
Unfortunately, only one of these receivers managed to col-
lect useful data (Mir 2011).

Duan et al. (2021) have described a small-scale,
high-resolution 3D CSEM experiment using a transmitter
package with two 10 m long horizontal dipoles (SPUTNIK),
which allow transmissions at 20 A in two orthogonal
directions at the same location. The cable-connected trans-
mitter is moved from site to site over a 3D array of OBEM
receivers. As relative positioning between transmitter and
receiver locations is important at short offsets, direct distance
measurements are performed using acoustic systems moun-
ted to both the transmitter and the receivers.

6.6 Global Case Studies

The locations of published marine CSEM gas hydrate field
studies to-date are plotted on the map in Fig. 6.4, along with
the measured thicknesses of the GHSZ under present day
climate conditions by Kretschmer et al. (2015), and known
and inferred gas hydrate findings by Ruppel and Kessler
(2017). Our compilation of CSEM studies may not be
entirely complete but should nevertheless cover most field
studies carried out to-date. Assuming that seismic studies
exist for most of the submarine gas hydrate sites in Fig. 6.4,
this reveals a demand for further CSEM gas hydrate studies
on a global level.

We focus here on two case studies from our own work
and refer the reader to the referenced literature in Fig. 6.4.
The seafloor-towed electric dipole–dipole system previously
described was used in both case studies.

The first case study is from the Hikurangi Margin off the
east coast of New Zealand’s North Island. The Hikurangi
Margin is characterized by the westward subduction of the
Pacific plate beneath the Indo-Australian plate. Approxi-
mately 500–2000 m of thick, water-rich sediment lie on top
of the 12–15 km thick oceanic crust of the Hikurangi Plateau
(e.g., Barnes et al. 2010). The presence of gas hydrates has
been inferred from widespread bottom simulating reflections
(Lewis and Marshall 1996; Henrys et al. 2003; Pecher et al.
2004) and through the direct sampling of gravity cores
(Bialas et al. 2007; Bialas 2011). Evidence derived from
seep fauna reveal that methane seepage is abundant along
the margin, giving rise to thick carbonate crusts, bacteria
mats, and gas bubble plumes that reach several hundred
meters into the water column (Lewis and Marshall 1996).

Figure 6.5a. shows the CSEM results derived from the 2D
inversion of a profile at Opouawe Bank, located at the
southern end of the Hikurangi margin (Schwalenberg et al.
2017). The profile intersects with several sites of intense gas
seepage from the seafloor (Greinert et al. 2010; Klaucke
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et al. 2010). Zones of highly anomalous resistivities
(>50 Xm, blue colors) occur at intermediate depths within
the GHSZ below two seep sites (Piwakawaka and North
Tower, see figure caption for abbreviations of seep names).
Resistivities are less anomalous (3–10 Xm) at the shallow
depths below Riroriro and Pukeko. Seep site Takahe reveals
only a very minor CSEM signature. Outside of the seep
areas, the resistivities exhibit background values of 1–2 Xm
for marine water-saturated sediment.

The resistivity model is overlaid on the coincident 2D
multichannel seismic (MCS) reflection profile (Koch et al.
2016). The seismic image shows several gas conduits below
the seeps, which are characterized by high amplitude
reflections (HAR), blanking and acoustic turbidity. The BSR
is discontinuous in these parts, which points to significant
gas pressure from below, transporting gas bubbles into the
GHSZ. Outside the seep areas, the seismic section reveals
horizontal strata. The areas of highest resistivity at inter-
mediate depth below the seeps are interpreted to be domi-
nated by gas hydrates; free gas may prevail at shallower

depths, supporting active seafloor venting (Schwalenberg
et al. 2017).

The gas hydrate saturation estimates in Fig. 6.5b were
calculated from the resistivity model using Archie’s
Eq. (6.1). In the absence of nearby borehole data, a porosity
profile (58–50% from seafloor to 300 m below) was inter-
polated from gravity cores and a pore-water resistivity pro-
file from bottom seawater resistivities and local thermal
gradients (0.31–0.24 Xm from seafloor to 300 m below),
with Archie coefficients from the literature (a = 1, m = 2.4,
n = 2.0). If we normalize the derived gas hydrate saturations
in Fig. 6.5b with the saturation estimates outside the seeps,
we still may expect up to 60% gas hydrate saturation for the
most anomalous seep sites Piwakawaka and North Tower,
*20% free gas and gas hydrate at Pukeko and only minor
saturations at Riroriro. Gas hydrates may also exist, how-
ever, outside the seep areas.

The second case study is from the Danube delta fan,
offshore western Black Sea. The Black Sea is a quasi-closed
sea with kilometer-thick sediment layers. Anoxic conditions

Fig. 6.5 a Resistivity model derived from the 2D inversion of CSEM
data from the Hikurangi Margin, offshore New Zealand (Schwalenberg
et al. 2017) overlaid on the 2D MCS section (Koch et al. 2016). The
profile intersects several seafloor vent sites named Piwakawaka (PW),
Riroriro (RR), Pukeko (PK), North Tower (NT) and Takahe (TK).
Model parts deeper than 1400 mbsf have low sensitivity and have been
cut. b Gas hydrate saturation model derived from the above resistivity
model using Archie’s equation with a linear porosity gradient from 58%

at the seafloor to 50% at 300 mbsf, a pore water resistivity model
derived from bottom seawater conductivities, local heat flow and
seafloor temperatures and Archie coefficients a = 1, m = 2.4, and
n = 2. Red triangles and black dots mark transmitter and receiver dipole
positions, respectively. HAR: high amplitude reflections, BSR: bottom
simulating reflections. (Figure was modified from Schwalenberg et al.
2017)
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have favored the production of methane (Reeburgh et al.
1991) and the formation of widespread gas hydrate pro-
vinces (Kessler et al. 2006). Sea level lowstands during the
last glacial maximum led to high seafloor temperatures and
extended fresh-water phases at most shelf regions, which
have not equilibrated today (Soulet et al. 2010). The pres-
ence of gas hydrates within the stability field has been
inferred from massive seafloor venting all along the conti-
nental edge of the gas hydrate stability field (e.g., Naudts
et al. 2006; Schmale et al. 2011; Riboulot et al. 2017), direct
sampling (Vassilev and Dimitrov 2002; Riboulot et al. 2018)
and widespread BSR occurrences in seismic data (Lüdmann
et al. 2004; Popescu et al. 2006; Baristeas 2006; Zander et al.
2017).

Figure 6.6a shows the resistivity model derived from the
2D CSEM inversion of a profile across the so-called S1
channel, which is one of the older channel levee systems of
the offshore Danube fan. By using the same color scale as for
the New Zealand model in Fig. 6.6a, the overall much higher
resistivities become evident. As mentioned above, this is
partly attributed to the much fresher pore water at depths
below 40 m below seafloor (2.9 Xm compared to 0.3 Xm in
New Zealand). The resistivity model also shows zonation of
more saline conductive sediment (1–3 Xm) close to the
seafloor (A) and a *100–150 m thick layer of higher
resistivities (20–30 Xm) at intermediate depths (B), which
terminates towards the eastern levee. At depth below
*300 m below seafloor (*1800 m below sea level)

Fig. 6.6 a Resistivity model derived from 2D inversion of CSEM data
from the offshore Danube fan, western Black Sea (Schwalenberg et al.
2020) overlaid on the 2D MCS section (Zander et al. 2017). The profile
intersects the S1 channel, one of the older channel-levee systems of the
offshore Danube fan. Interpretation of seismic and CSEM facies:
(A) transition of conductive to more resistive sediment within the upper
40 mbsf; (B) a zone of fine grained homogeneously layered levee
sediment below the western levee corresponds with high resistivity
values (blue); (C) mass transport deposits of irregular seismic facies
and amplitude variations occur close to the seafloor and, intercalated
within deeper levee sediment, conform with lower resistivity values;
(D) At intermediate depth below the S1 channel sediment are

characterized by meandering sub channels caused by abundant levee
failures and channel cuts; (E) a P-wave velocity anomaly (transparent)
derived from OBS data (light blue dots, Bialas et al. 2020) correlates
with a layer of high resistivities, which terminates towards the eastern
levee where older levees are imaged by (F) strongly stratified sediment.
(G) Resistivities increase towards a stack of multiple BSRs (Popescu
et al. 2006; Zander et al. 2017) below the eastern levee. b Gas hydrate
saturation model derived from the stochastic approach to Archie’s
equation after Sava and Hardage (2007), where the input parameters are
represented by probability functions within appropriate parameter
ranges. Transparency has been added to model parts of low sensitivity
(Figure was modified from Schwalenberg et al. 2020)
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resistivities rise again (*20 Xm), particularly below the
eastern levee (G).

The overlaid MCS section (Zander et al. 2017) provides
further insight. High resistivities correlate with fine grained,
homogeneously layered levee sediment below the western
levee (B). Elevated resistivities within the channel (*20
Xm) correlate with a low velocity zone (LVZ) derived from
OBS data (E) (Bialas et al. 2020). Note: The OBS data
covers only the S1 channel region, thus the LVZ may extend
beneath the western levee. The deeper zone of high resis-
tivities matches with a stack of multiple BSRs (Popescu
et al. 2006; Baristeas 2006), which are characteristic for the
area and possibly imply locally higher gas hydrate and free
gas concentrations.

The saturation model in Fig. 6.6b has been calculated
from the stochastic approach (Sava and Hardage 2007) to
Archie’s equation, where the input parameters are repre-
sented by probability functions randomly sampled within
parameter ranges derived from nearby MeBo drilling (Riedel
et al. 2020). This accounts for uncertainties in the input
parameter. Figure 6.6b shows the median of the 68% con-
fidence interval calculated for each grid element, which have
uncertainties in the order of 15–20% given the range of input
parameter (see Schwalenberg et al. 2020 for details). Seismic
data show no indication of vertical fluid flow or gas
migration into the GHSZ. Saturations around 10% below the
S1 channel agree with the 6–12% pore filling gas hydrates
levels that Dannowski et al. (2017) derived from OBS data.
Below the western levee, gas hydrate saturation levels in the
order of 20–30% seem unlikely within the layer of
fine-grained sediment with reduced porosity and perme-
ability (B) but may be present to a minor extent. This could
be clarified with the help of seismic velocity information and
drilling data, which are not available for this part of the
profile. We explain high resistivities and elevated saturation
estimates of 10–20% below the eastern levee with gas
hydrates above and free gas below the BSRs.

6.7 Discussion and Conclusions

In the last two decades, marine CSEM methods have been
applied to an increasing number of gas hydrate field studies
all over the world (Fig. 6.3). These CSEM surveys have
always been accompanied or guided by reflection seismic
surveys, and in some cases also by deep ocean drilling
(numbers 1, 2, 4, and 9 in Fig. 6.3). Resistivity studies add
valuable information regarding the nature of the pore fluid.
Resistive gas hydrate and free gas can be clearly distin-
guished from conductive saline pore fluid. Ambiguity
remains in distinguishing between free gas, gas hydrate and

other sediment properties such as carbonates and lithology
changes, as these parameters are difficult to measure based
on CSEM data alone. This ambiguity can be reduced by
seismic velocity data, for example, which measure higher in
hydrate-rich zones and lower where free gas is present (e.g.,
below the base of gas hydrate stability), and are thus also
used to derive saturation estimates. Reflection seismic data
provide the necessary insight into the sediment stratigraphy
and lithology sequence imaging channels and faults where
gas can migrate into the GHSZ, forming gas hydrate. While
already small amounts of free gas and gas hydrates may
cause blanking and the scattering of seismic energy, low
saturation levels of less than 5–10% may remain unresolved
from the resistivity data, which emphasize the ability of
CSEM methods to identify highly saturated gas hydrate
deposits. The common and widely used method to calculate
saturation estimates is based on Archie’s equation (Archie
1942). Originally introduced for clean sands, it has been
widely debated to what extent Archie’s equation provides
reliable estimates, not only of the gas hydrate saturation
levels, but generally in the hydrocarbon industry (e.g.,
Worthington 1993; Waite et al. 2009). Constraints on the
input parameter of Archie’s equation, particularly porosity,
pore fluid salinity, cementation factor and saturation expo-
nent, are therefore vital for accurate saturation estimates.

Prior to calculating saturation estimates, resolution and
sensitivity studies should be applied to the CSEM resistivity
models, showing to what extent the model is supported by
the data. Error analyses of the saturation estimates and
stochastic methods using probability functions further
address the problem (Schwalenberg et al. 2020). Collocated
seismic and CSEM data allow for accurate saturation esti-
mates, applying joint elastic-electrical effective medium
modelling (Ellis et al. 2008b; Attias et al. 2020).

Seafloor drilling provides the necessary in-situ physical
parameters, which are important to calibrate the physical
models. However, the scale problem between in-situ drilling
and remote sensing methods should be considered when
jointly interpreting the data.

The two case studies presented demonstrate how seismic
and CSEM data complement each other. The CSEM study
on Opouawe Bank points at significant gas hydrate deposits
below the seeps, which was not made clear by the seismic
data alone. The joint interpretation of CSEM and seismic
data of the S1 channel levee system of the offshore Danube
fan helped to classify the nature of the resistivity anomalies
and to distinguish between possible gas hydrate accumula-
tions and lithology-driven changes. For further aspects and
insights that CSEM methods provide for submarine gas
hydrate investigations, we refer the reader to the case studies
cited in Fig. 6.3.
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