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Summary

Seafloor massive sulphides (SMS) are seen as an increasingly important mineral resource
for the future. Fewer mineral discoveries are being made in the shallow subsurface on-
shore, and therefore a more petroleum related approach will be used in order to explore
for mineral ores at greater depths. With electromagnetics (EM) being frequently used for
decades in subsurface imaging, and recent years with controlled source electromagnetics
(CSEM) for hydrocarbon exploration, marine CSEM could be used to detect conductive
anomalies in the mineral deposits at the ocean floor. In this thesis, the objective was to
investigate if it is possible to image SMS with marine CSEM through synthetic forward
modelling and inversion with structured and unstructured grids in MARE2DEM. It was
also tested how well marine magnetotelluric (MT) and marine CSEM was able to image a
mantle structure beneath the mid-ocean ridge through modelling and inversion.

Survey geometry and parameters were set up before creating a start model in order to
generate synthetic data through forward modelling. Noise was added to the data before a
simple inversion model with refined rectangular and triangular grids was created. Through
inversion, a resistivity model as close to the start model as possible was generated in
MARE2DEM.

From changing parameters, such as frequency, receiver spacing, and mineral mound
sizes, in the modelled CSEM survey and inversion it was found that buried SMS deposits
must be of a significant size in order to be detected and that high frequencies and shorter
receiver spacing enhance the geophysical response of the deposits. For mineral mounds
found on the seabed, smaller geometries could be detected.
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Sammendrag

Massive sulfider på havbunnen blir i økt grad sett på som en mulig mineralkilde for fremti-
den. Med færre landlige mineralfunn på grunt dyp, vil en mer petroleumsrelatert tilnærm-
ing til leting etter dypere mineralårer bli brukt. Elektromagnetiske metoder har i flere tiår
blitt brukt til avbildning av undergrunnen og i de siste årene til leting etter hydrokarboner
ved hjelp av CSEM (Controlled Source Electromagnetics). Med marin CSEM bør det der-
for være mulig å oppdage konduktive anomalier i mineralforekomstene på havbunnen. I
denne masteroppgaven vil hovedfokuset være å undersøke om det er mulig å avbilde de
massive sulfidene med marin CSEM ved bruk av syntetisk forovermodellering og inver-
sjon med strukturerte og ustrukturerte inversjonsgrid i MARE2DEM. Oppgaven tar for seg
også hvor godt det var mulig å avbilde en mantelstruktur under midthavsryggen ved bruk
av marin magnetotelluric metode og marin CSEM gjennom syntetisk forovermodellering
og inversjon.

Før startmodellen ble laget, ble innsamlingsgeometrien og hvilke parametre som skulle
bli brukt bestemt for å kunne generere syntetiske data ved hjelp av forovermodellering. Så
ble støy lagt til dataene, før en enkel inversjonsmodell med rektangulære og triangulære
grids ble laget. Gjennom inversjon ble en resistivitetsmodell generert gjennom flere it-
erasjoner, for å komme så nærme startmodellen som mulig, i MARE2DEM.

Ved å bytte parametre i forovermodellen og i inversjonen som frekvens, mottakeravs-
tand og størrelse på mineralforekomstene, ble det kommet fram til at de sedimentbegravde
massive sulfidforekomstene må være av betydningsfull størrelse for å kunne bli oppdaget.
Høye frekvenser og kortere mottakeravstand forsterker den geofysiske responsen til avset-
ningene. For mineralforekomstene lokalisert på havbunnen kunne mindre mineralgeome-
trier bli oppdaget.
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Chapter 1

Introduction

There has been an increased interest in marine mineral exploration in the recent years. In
the last 60 years, the majority of the marine mineral discoveries are found in the shallow
subsurface, within the upper 50 m onshore. Onwards, fewer discoveries will be made in
the shallow subsurface onshore, and therefore a more petroleum related technology will
be used in order to explore efficiently (Witherly, 2012). It is just in the recent decades
that marine mineral exploration has been used to find prospects suitable for mining off-
shore. The petroleum technologies used in hydrocarbon exploration, and for deep mineral
exploration onshore, will be eminent for mineral exploration offshore in the future.

Electromagnetic signals have for decades been frequently applied to imaging and map-
ping of subsurface resistivity structures. Electromagnetic detection and characterization of
hydrocarbon bearing reservoirs offshore were introduced with Statoil’s Sea Bed Logging
from 2002 (Eidesmo et al., 2002). Marine controlled source electromagnetic (CSEM)
sounding was leading way for an alternative approach to hydrocarbon detection.

Hydrocarbons are highly resistive in contrast to brine filled sediments which are rather
conductive. It is, therefore, possible to identify hydrocarbon accumulations using marine
CSEM. Marine minerals, on the contrary, has very low resistivity, or high conductivity, and
will like hydrocarbons produce a resistive anomaly that could be detected. The purpose of
this thesis is to investigate if it is possible to detect and image SMS with marine CSEM.
Synthetic forward modelling and inversion will be used to investigate the feasibility of
this technology. It will therefore only be given a brief introduction to what SMS deposits
are and how they are formed. How well a deep magma chamber in the asthenosphere
is possible to image with marine MT and marine CSEM is also to be investigated. The
models are conceptual but realistic, and they are made with the main focus on forward
modelling and inversion and how well it is possible to image these structures.

Seafloor massive sulphides (SMS) deposits are seen as an increasingly important ma-
rine mineral resource for the future. There is a growing number of industrialised nations
that are involved in surveying and drilling after samples of such deposits. The electrical
properties of the deposits are distinguishable from their unmineralized host rocks (Spag-
noli et al., 2016; Petersen et al., 2016). They range in size from only few meters in diame-
ters to those at TAG (Transatlantic Geotraverse), which reach 250 m in diameter and up to
50 m in height (Petersen et al., 2000), and all the way to ore bodies in Manus Basin north
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Chapter 1. Introduction

of Papua New Guinea which consists of a mound 2 km in diameter rising 200 m above the
seafloor (Boschen et al., 2013).

The electric properties used in this study for the SMS deposits, volcanic basement,
magma chamber, and sediments are not taken from samples, but from literature discussing
similar topics with similar geological features (Key et al., 2013; Spagnoli et al., 2016).
The tests are also done in two-dimensional space, where the model properties vary along
the observation plane and in depth (R(x,z). The models are assumed to be invariant normal
to the observation plane. Also, in this study, a simplification assumption is made that the
model properties are isotropic.
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Chapter 2

Theory

In this chapter, it will be given a brief introduction to what seafloor massive sulphides
(SMS) are, where they may be found as well as how they are formed. It will also be dis-
cussed two different electromagnetic methods, the marine magnetotelluric (MT) method
and the marine controlled source electromagnetic (CSEM) method. The focus for the
methods will be some basics of how they work, why they work and some data examples
will be given. The last part of this chapter will be on electromagnetic inversion theory,
what it is and how it is used to generate results.
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Chapter 2. Theory

2.1 Seafloor Massive Sulphides

Figure 2.1: Map of the global distribution of SMS deposits and where they are located around the
world. Red circles indicates active SMS deposit sites, and the yellow triangles indicates where the
inactive SMS deposits are found. The black bold line indicates plate boundaries. Modified from
Boschen et al. (2013)

Seafloor massive sulphides (SMS) are found as strata bound accumulations of sulphide
minerals at or near the seafloor that has precipitated from high-temperature hydrothermal
activity. It is associated with seafloor volcanism, and form as a result of the mixing of hot
metal-rich hydrothermal fluids with the cold seawater (Spagnoli et al., 2016; Shanks and
Thurston, 2012). Deep-sea mining of SMS deposits is a new potential source of Cu, Zn,
Au and Ag (Glasby, 2002; Hoagland et al., 2010; Hekinian, 2014).

SMS are mostly found along global mid-ocean ridges, submarine volcanic arcs and in
rifted back-arc basins behind active subduction zones (Shanks and Thurston, 2012; Spag-
noli et al., 2016). Fig. 2.1 shows the global distribution of SMS deposits around the world.
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2.1 Seafloor Massive Sulphides

Figure 2.2: The structure of an SMS deposit. Schematic cross-section of a SMS deposit. Show-
ing zonation within the mound and stockwork zone in the alternation pipe. Black dashed arrows
indicates fluid flow. Modified from Hannington (2014)

The SMS deposits are found when dissolved metals in the hydrothermal fluids are
expelled at black and white smokers vents, or focused flows and diffuse flows respec-
tively. The metal minerals will also grow into ”chimneys” around the vents and into larger
mounds of chimney debris. Most deposits are characterised by internal zoning of the min-
erals, with Cu-dominant sulphides at the internal base and with Zn- or Pb-rich sulphides at
the top and outer margins (Hannington, 2014) as seen in Fig. 2.2. In the underlying parts
of the deposit, where the hydrothermal fluids have passed through, a network of sulphides
has developed in the volcanic rocks. Fig. 2.2 shows this ”stockwork” zone where veins of
sulphides in a matrix of chemically altered host rock have formed.
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Chapter 2. Theory

Figure 2.3: The chemical circulations around and at a black smoker complex. Cold seawater (blue
arrows) descends through faults and fissures towards the magma heat source while leaching minerals
from the host rock. Heated seawater (red arrows) rise with metal mineral content towards the seafloor
and are precipitated through a black smoker (hot concentrated) or a white diffuse smoker (warm).
Modified from NOAA (05.06.17)

Hydrothermal activity is a by-product of volcanism, and it is the alternation of rocks
due to the circulation of hot fluids in the lithosphere. It causes precipitation of metallic
minerals such as Cu, Fe, Pb, Zn-sulphides, Ag and Au (Hekinian, 2014). Fig. 2.3 illus-
trates how cold seawater penetrates the rocks beneath the seafloor through fissures, cracks,
and pores as it descends through the lithosphere until it reaches a heat source which causes
it to react with the surroundings (Shanks and Thurston, 2012; Hekinian, 2014).

The circulation system can be described as four different zones: The recharge zone, the
acidification zone, the reaction zone and the discharge zone. The recharge zone is where
the cold seawater is drawn into the crust in the down-flowing limb of the hydrothermal
convection cell (Hannington, 2014; Shanks and Thurston, 2012; Hekinian, 2014). In Fig.
2.4 this can be seen as the cold seawater descends through the dyke section down towards
the reaction zone. On the way towards the reaction zone, however, it reaches the acidifi-
cation zone. In the acidification zone, the loss of Mg2+ from the seawater makes it more
acidic and therefore more corrosive. As the seawater descends, it will eventually be in the
proximity of the heat source, such as a magma chamber. This transition from the acidifica-
tion zone to the reaction zone can be seen in Fig. 2.3 as ”evolved seawater”. The deepest
part of the circulation system is the reaction zone and it is where the temperature of the
fluids will rise as it approaches the heat source, which may be situated anywhere between
0.5-2 km within the crust. The reaction zone has a temperature of 390-400 oC, and dis-
solution of minerals occur as the fluids are progressively heated and reaching equilibrium
with the altered host rock (Hannington, 2014). After passing through this hot part of the
convective system, the hydrothermal fluids rise buoyantly along a high permeability zone
of dykes and deeply penetrating synvolcanic faults towards the seafloor. The discharge
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2.1 Seafloor Massive Sulphides

zone is where the hydrothermal hot fluids react with the ambient seawater and discharge
the leached metals from the underlying rocks onto the seafloor. The magma chamber itself
may also contribute with metal minerals (Yang and Scott, 1994).

Figure 2.4: A model of a typical submarine hydrothermal system at a mid-ocean ridge which illus-
trates the relationships between the recharge zone, reaction zone and the discharge zone. Modified
from Hannington (2014)

Transition metals such as Cu, Zn, Fe, Mn, Ag, and Au are the most likely metals to
leach and form compounds with sulphur and chlorine. The hydrothermal fluids that are
exiting the chimneys at the seafloor are found in concentrated jets of only a few centimetres
in diameter. As the vent fluid is discharged it is diluted by the seawater and creates a
hydrothermal plume that rises above the seafloor. This plume rises a couple of hundred
meters above the seafloor before it reaches the density of the ambient seawater (Hekinian,
2014).

From Fig. 2.3, one can see that the metal minerals are deposited on different loca-
tions around the venting site. From deposition from the plume, but also from within the
discharge zone, Fig. 2.2 e.g. as a stockwork zone. The formation of the metalliferous
deposits can be described in five different stages. The first stage involves the discharge
of low temperature (<150 oC) fluids through pillow lavas and sheet flows, depositing iron
silicates and some sulphides. On site, this will be host for a gathering of the benthic animal
community, which includes tube worms and clams. The high temperature (>350 oC) fluid
discharge makes up the next stage and is where the construction of the chimneys takes
place. The chimney channel the fluids and are the provoking factor for precipitation of
iron-copper sulphides and anhydrite. An accumulation of several chimney structures leads
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to the development of a mound, where even more hydrothermal fluids can filtrate through
the lithosphere, precipitating iron-copper-zink sulphides. In this stage, the stockwork is
formed from circulation of the hydrothermal fluids and the alteration of the host rock to-
gether with precipitation of metalliferous compounds. As the fluids starts to cool again,
hydrothermal fluids with temperature below 200 oC will be discharged and form mineral
compounds that will fill the pores and fissures of the mound, creating a zonal distribu-
tion of minerals with copper centered, and with zinc and iron sulphide towards the outer
bounds of the mound (Hekinian, 2014). The final stage happens during tectonic events.
Formation of normal faulted scraps will occur and can expose the stockwork and a talus
of slumped material will gather at the foot.

Figure 2.5: Table of some drilled SMS deposits, where they are located, and the size of the deposits.
Modified from (Petersen et al., 2016).

While the number of discoveries of SMS deposits is increasing, most deposits are
small in comparison to their land-based analogues. The hydrothermal venting systems
are also inefficient, as a lot of the metal content is lost to the hydrothermal plumes and
dispersed away from the vent site. SMS deposits vary in size from a few tonnes to above
20 Mt of sulphide material (Petersen et al., 2016). Fig. 2.5 shows an overview of drilled
SMS deposits, their location, and their size. In most cases is the size of the deposits
estimated from visual observations and not drilling. Fig. 2.5, however, is from drilling.
The individual chimneys vary in size as well, from a few centimetres and up to 45 m in
height. They collapse over time and accumulate as mounds which contain a major part of
the metal content in the deposits (Petersen et al., 2016). One of the largest SMS deposits
is found at the Mid-Atlantic Ridge. The TAG (Trans-Atlantic Geotraverse) hydrothermal
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mound which measures 200 m in diameter and 50 m high and contains approximately 3.9
million tonnes of sulphide bearing-material (Petersen et al., 2000).

Figure 2.6: The different resistivity values of some minerals and rock types (EMGS training mate-
rial).

The most common minerals present in SMS are Fe-minerals such as pyrite and pyrrhotite,
the commercially interesting Cu-sulphide mineral chalcopyrite and the Zn-sulphide min-
eral sphalerite (Hekinian, 2014; Spagnoli et al., 2016). Minor amounts of galena, tetra-
hedrite, tennantite, arsenopyrite, bornite, and magnetite can are also associated with SMS
deposits. About 20-40% of the mined minerals are so called gangue minerals, which are
non-commercial minerals, mainly silicates, that are coprecipitated with the sulphide min-
erals or formed by alteration of the host rocks (Hannington, 2014).

Fig. 2.6 illustrates the different resistivity values for some rocks and minerals. Elec-
trical conductivity describes how well a material allows electrical currents to pass through
it, and a typical sedimentary rock will consist of solid rock matrix and pore space that may
be filled with either fluids (seawater or hydrocarbons) or secondary minerals, for a marine
case (Spagnoli et al., 2016). The relationship between resistivity (ρ) and conductivity (σ)
is:

ρ =
1

σ
(2.1)

For sediments, there is a good correlation between pore-fluid resistivity, porosity and
the total resistivity of the sample, which can be summarised by Archie’s law:

ρb = aρwφ
−m (2.2)

where ρb is the rock resistivity, ρw the pore fluid resistivity, φ the porosity of the rock,
whilst m is the cementation exponent of the rock and a is related to tortuosity. But, in
Archie’s law, the matrix is considered an electrical insulator rather than a conductor. For
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SMS deposits, many of the minerals are electrically conducting, which means Archie’s
law does not apply for SMS deposits, and the bulk resistivity will depend in much larger
scale on the conductivity of the minerals (Spagnoli et al., 2016). In this case then, the
electrical resistivity must be described by a complex number as a function of frequency.
The frequency is expressed by the amplitude and phase function:

ρ∗(f) = |ρ|eiφ(f) (2.3)

where ∗ denotes the complex value and i is the imaginary unit. Since it is an frequency
dependent resistivity it can be used to separate sulphide-rich deposits from unmineralized
samples. In this study however, low frequencies are used and frequency dependancy is
small and negligible. A typical host rock can be a massive basalt, which may reach re-
sistivities up to 10 000 Ωm, but more porous basalts can be in the range of a few Ωm
to tens of Ωm (Spagnoli et al., 2016). Rocks that has been hydrothermally altered and
SMS deposits with high sulphide and clay contents are characterized by lower resistivity
values around a few Ωm to 0.01 Ωm. Fig. 2.7 presents a table from the work of Spagnoli
et al. (2016) with 40 mini-core samples of massive sulphides, semi-massive sulphides with
abundance of gangue minerals and host rocks. Listed are the bulk porosity, bulk density
and the elctrical resistivity of each sample at 1 Hz. The difference in electrical resistiv-
ity between host rock and SMS deposits depends a lot on the metal and clay content, the
connectivity of the sulphide grains and the porosities, but it is usually above 2 orders of
magnitude.
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Figure 2.7: Table of physical properties, including electric resistivity for some SMS related minerals
and surrounding rocks. Modified from Key et al. (2013).
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2.2 The Marine Magnetotelluric Method
Magnetotelluric (MT) is a geophysical method that uses the earth’s natural varying mag-
netic field to measure the resistivity of the earth. It is mainly set up by two different
sources. The low frequency content, below 1 Hz, is set up by current systems in the mag-
netosphere generated from solar activity, Fig. 2.8a, and the high-frequency content, above
1 Hz, is generated from thunderstorms worldwide, see Fig. 2.8b (Johansen and Gabrielsen,
2015; Vozoff, 1991; Chave et al., 1991).

(a) Magentic field from solar winds contribute with frequen-
cies below 1 Hz.

(b) Thunderstorms contribute
with frequencies above 1 Hz

Figure 2.8: General principle sketch of MT. Modified from EM-GeoSci (05.06.17).

For both of the cases, the electromagnetic (EM) fields behave almost like plane waves
that travel vertically downwards into the earth, see Fig. 2.9. Most of the waves are reflected
back when it hits the surface of the earth, but part of the signal that penetrates the earth in-
duces electrical currents known as telluric currents that will produce a secondary magnetic
field (Naidu, 2012). The strength of the secondary field can be measured and depends on
the electrical properties of the earth. This will contain information about the subsurface
resistivity. In MT it is the low frequency signal set up by the solar wind-magnetosphere
interaction that contributes the most. The conductive seawater will filter out most of the
frequencies around 1 Hz and above. Being a signal created from the magnetosphere, the
MT source signal will usually be stronger towards the poles and weaker around equator
(Johansen and Gabrielsen, 2015).
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Figure 2.9: MT planar waves and receivers placed at the seabed. MT data of apparent resistivity
and impedance phase (EMGS training material).

For acquisition of marine MT data, receivers are placed on the seabed like in Fig. 2.9.
The same receivers illustrated in Fig. 2.10 are used for both marine CSEM and marine
MT acquisition, which often are done in combination.

The receivers are dropped from the survey vessel to the seafloor with a concrete anchor
that is fitted with an acoustical release system (Zhdanov, 2009; Røsten et al., 2003). The
receivers need to be highly sensitive, since the marine MT signal is extremely weak, and
due to the low frequency signal, long listening time is advantageous. Typically, several
days are needed to provide enough samples to describe the low frequency signal. Marine
MT surveys in large water depths areas experience filtering of the high frequencies, which
affects the imaging capabilities and leads to a loss of resolution in the shallowest parts of
the section (Johansen and Gabrielsen, 2015). After the acquisition of the data, the concrete
anchor is released by the acoustic system by a command from the vessel, and the receiver
rises to sea level with help from the gas flotation sphere, see Fig. 2.10 and is retrieved by
the vessel (Zhdanov, 2009).

The recordings can be described by impedance tensors which can be found by looking
at the relationship between the recorded E field (electric) and H field (magnetic):

Z =
E

H
=
|E|e−iϕE

|H|e−iϕH
= |Z|e−iϕZ (2.4)

where Z is the impedance. |E|, |H| and |Z| are the magnitudes whilst e−iϕn is the
phase for n = E, H, or Z.

The processed data from the receivers are apparent resistivity and impedance phase
like in Fig. 2.9 as a function of the signal period (T). This is also the input for inversion of
marine MT data. The two modes that are plotted is the transverse electrical mode (TE) and
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the transverse magnetic mode (TM). TE is the electrical polarized mode where the electri-
cal field is in the geological strike direction, as well as the TM is the magnetic polarized
mode of the electrical field in the geological strike direction (Johansen and Gabrielsen,
2015). For a 1D earth, the apparent resistivity plot can be directly interpreted by looking
at the separation of the two modes. From the apparent resistivity (ρ), an average of the
subsurface resistivity is directly given, and from the signal period (T) it is possible to get
an estimate of the minimum burial depth through the skin depth (δ):

δ ≈ 503
√ 1

σf
or δ ≈ 503

√ ρ
f
≈ 503

√
ρT (2.5)

where σ is conductivity, f is the frequency, ρ is the resistivity and T is the signal period
(Bhuyian et al., 2010).

Figure 2.10: Marine MT and marine CSEM receiver. Hx, Hy and Hz coils measures the magnetic
field components, whilst Ex and Ey dipoles measures the electric field components. Modified from
(Zhdanov, 2009)

Key et al. (2013) shows that marine MT is well suited to image mantle upwelling at a
mid-ocean ridge and Myer et al. (2013) shows how the method can be used to map con-
ductive targets. Due to its low frequency content, marine MT can only image large-scale
structures, but the EM fields can travel tens of kilometers into the subsurface (Johansen
and Gabrielsen, 2015). Marine MT is, therefore, able to map conductive targets below
high resistive strata such as basalt due to its sensitivity to subsurface conductors (Zhang
et al., 1998). Zhang et al. (1998) has also proved that MT is useful for mineral exploration
at depths where commercial EM is not logistically or cost competitive.
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2.3 The Marine Controlled Source Electromagnetic Method
Marine controlled source electromagnetics (CSEM) uses a horizontal electric dipole (HED)
source and an array of seafloor electric field receivers to transmit a low frequent electro-
magnetic signal in order to detect resistivity contrasts in the subsurface (Eidesmo et al.,
2002; Johansen et al., 2005; Røsten et al., 2003; Bhuiyan et al., 2006). Fig. 2.11 displays
how the HED is towed above the receiver array at the seabed and emits low frequencies
between 0.1 and 20 Hz (Johansen and Gabrielsen, 2015; Eidesmo et al., 2009). The re-
ceivers, which are the same as for marine MT displayed in Fig. 2.10, measure both the
amplitude and the phase of the received signal that depend on the subsurface resistivity
structures, see Fig. 2.12 (Johansen et al., 2007). The rate of decay of the amplitude and
phase shift are dependent on the subsurface geometry and by the attenuation represented
by the skin depth as seen in equation (2.5) (Eidesmo et al., 2002). The EM fields have an
exponentially decay by a factor of e−1 (Johansen et al., 2005; Constable and Srnka, 2007;
Bhuyian et al., 2010). In general, the subsurface is more resistive than the seawater, and
therefore, the signal is less attenuated and can propagate into the subsurface.

Figure 2.11: Cartoon of how CSEM is aquired on the seabed. A general survey configuration where
an electric transmitter is towed by the survey vessel above receivers that record the EM response
from the geoelectrical structures beneath the seafloor. Modified from Zhdanov (2009).

An important part of CSEM is the sensitivity study that is done prior to the acquisition
(Bhuyian et al., 2010). The expected response from a resistive or conductive target is
calculated and analyzed by forward modelling. Several factors of the targets are taken
into account, such as geometry, resistivity, burial depth and contrast of surrounding rocks.
Fig. 2.12 shows an easy illustration of how it is possible to calculate sensitivity. The two
top curves are the phase shift where the red is from the target response while the blue is
the background response. The two curves in the middle are the magnitudes, again, red is
the target response, and blue is the background response. The green curve is the absolute
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field difference of magnitude and phase and represents a scattered field response from the
target. The purple curve is the assumed data uncertainty and noise. The data is sensitive to
the target when the scattered field is above the uncertainty of the data (grey area) (Johansen
and Gabrielsen, 2015).

Figure 2.12: Illustration of how sensitivity to a resistive layer can be calculated. Magnitude and
phase curves for a target (red curve) and a background (blue curve) are plotted versus source-receiver
offset. The scattered field (green) is the difference between the target and the background for phase
and magnitude. Sensitivity to the target is found if the scattered field response is above the expected
data uncertainty and noise (purple curve). Modified from Johansen and Gabrielsen (2015).

When acquiring marine CSEM data the receivers are placed in a grid for 3D (if 2D
it is along one receiver line) at the seafloor covering the area of interest. The receivers
are illustrated in Fig. 2.10. Fig. 2.11 show how a 2D case with only one receiver line
will look like. A vessel tows the HED source above the receivers (usually a few tens
of meters) and the HED excites a low frequency EM signal that diffuses horizontal and
vertical current flow (Um and Alumbaugh, 2007; Constable and Srnka, 2007) outwards
both in the overlying water column and downwards into the seabed (Eidesmo et al., 2002;
Røsten et al., 2003), like in Fig. 2.13.
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Figure 2.13: Marine CSEM concept diagram of a vessel towing the HED above seabed receivers.
Contour lines represent electrical current flows. Modified from Um and Alumbaugh (2007).

The receivers register a combination of the different signal pathways such as the trans-
mission directly trough seawater, reflection, and refraction through the seawater-air inter-
face, reflection and refraction along the seabed and reflection and refraction trough any
high resistive subsurface layers (Johansen et al., 2007; Bhuiyan et al., 2006; Johansen and
Gabrielsen, 2015). In all of the different pathways, the signal will be attenuated at different
rates. Fig. 2.14 shows the different paths or modes that the current can propagate along.
The blue arrow is the direct wave that arrives the receivers directly from the HED source.
High attenuation on the seawater will damp this response, but it will still be dominant for
short offsets (Johansen et al., 2005, 2007; Bhuiyan et al., 2006). The green arrows are
diving waves that propagate through the seabed and takes with them information about
the subsurface and how much they have been attenuated. The purple arrows illustrate the
refracted waves that due to a resistive layer under a critical angle sets up guided waves
that leak information back to the receivers (Eidesmo et al., 2002, 2009). At intermediate
offsets, between 2000 m and 8000 m at Fig. 2.15 the subsurface waves will dominate
(Johansen et al., 2007).
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Figure 2.14: The different modes that occurs in marine CSEM. Pink arrows: air wave, blue ar-
row: direct wave, purple arrow: refracted wave and green arrows: refelcted waves (EMGS training
material).

The pink arrow is what is known as the air-wave. It diffuses upward from the HED
source to the air-water interface and propagates along this interface with only laterally ge-
ometric spreading loss before it diffuses back down to a receiver (Um and Alumbaugh,
2007). This effect will be dominant for large offsets, but it is dependent on water depth
(Johansen et al., 2007; Bhuiyan et al., 2006). Shallow water column provides less con-
ductive material to diffuse through to attenuate the signal, compared to deep water depth
where the large water column will attenuate most of the air-wave effect. Hence, in shallow
waters, the air-wave effect will arrive at shorter offsets than for large water depths. Fig.
2.15 shows electric field amplitude and phase for a conductive subsurface (grey line) and
a more resistive subsurface (yellow line). The top plot is magnitude versus offset (MvO)
and is a measure of the received field strength, while the lower plot is phase versus offset
(PvO) where the phase shift is a measure of how much of the received signal is delayed
with respect to the source signal. For the MvO plot, there is not much difference in the
responses smaller than 2000 m offset. After that, a high resistivity anomaly can be seen
as there is less attenuation of the magnitude than there is for the background signal. The
”bend” on the background magnitude is due to the air-wave. This can not be seen on the
yellow line as the signal from the subsurface resistor is still strong enough to dominate.
For the phase shift plot, there is also a separation around 2000 m offset. Steep phase curve
means that the phase velocity is low and the travel time is long leading to a large phase
shift. In the resistor (yellow curve), the phase velocity is higher and therefore the curve
flattens out as the travel time is short and the phase shift is small (Eidesmo et al., 2009).
The ”bend” on the background phase curve is a ”roll-over” effect caused by the air-wave
which also flattens the curve out almost completely when it dominates the data (Um and
Alumbaugh, 2007).

Kowalczyk et al. (2015); Imamura et al. (2011, 2012) show that buried SMS deposits
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can be mapped using marine CSEM methods. Marine CSEM can also be used to determine
the burial depth of the deposit, together with its extent (Kowalczyk et al., 2015).

It is easy through sensitivity studies to show that CSEM is sensitive to a given target or
structure. However, a measurable anomaly does not mean that one is able to reconstruct a
resistivity model from the data. Due to non-linearity and non-uniqueness of the problem, it
is difficult to use the theoretical techniques for assessing the resolution (Key, 2012a). It is
therefore strongly recommended to perform a synthetic forward modelling and inversion
study. This will be further discussed in the following chapter and in the discussion.
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Figure 2.15: Magnitude versus offset and phase shift versus offset. The MvO has been ”scaled” by
the source dipole moment (source current x source length) and hence has units [V/Am2] instead of
[V/m]. Yellow curves are the resistive target response whilst the grey curve is the background model
response. Less attenuation for higher resistivity target leads to higher magnitude and lower phase
angle (EMGS training material).
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2.4 Forward modelling and Inversion of EM Data

2.4.1 Forward modelling
Before a marine MT or marine CSEM survey is carried out, it is normal to do a feasibility
study. Parts of the study will be modelling and inversion of synthetic data in order to
try to replicate the real survey that is going to take place. Typical goals of the forward
modelling are to establish optimal survey locations and receiver geometry, but it is also
useful to quantify the expected electromagnetic response from the targets (Johansen et al.,
2005; Johansen and Gabrielsen, 2015). It is also a playground, where all types of different
values and properties could be tested, in order to get a better understanding of the actual
received data after acquisition.

In a feasibility study, the model space is where the initial resistivity model is built.
Then, forward modeling is done in order to generate synthetic data or modeled data.

Figure 2.16: Relations between data and model (EMGS training material).

From equation (2.6) it is shown that each model has one specific response. The data
(d) represents one specific response from the resistivity model (R), whilst G is a forward
operator that reflects the physics behind Maxwell’s equations solved by a computer.

d = G(R) (2.6)

The forward problem is always well-posed. Given a certain earth model, it is certain
that there is a single, unique solution that describes the EM field behavior (Zhdanov, 2009).
A well-posed problem means also that in addition to there being a solution that also is
unique (same data can only be described by one model), it is also stable, which means
that a small change in the model would lead to a small change in the data measurements.
Should one or more of these criteria be broken, it is an ill-posed problem (Johansen and
Gabrielsen, 2015).
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2.4.2 Inversion
Inversion is the process where one goes from synthetic or observed data to a resistivity
model. From Fig. 2.16 it is illustrated as the opposite process from forward modelling, as
the goal now is to replicate a subsurface resistivity model from given data.

Fig. 2.17 illustrates how the inversion algorithm works. First, an initial model R0 is
made from a qualified guess of a resistivity model. During the forward modelling of the
start model, source and receiver geometry like for a real data case is added. Then, the
forward modelled data is compared to the survey data and the misfit between them are
calculated. This is also called cost function, and the goal of the inversion is to minimize
it. If the misfit is unacceptable, the model is updated, Rn+1, and a new loop is started. A
new round of forward modelling will be executed on the synthetic data and again it will
be compared to the survey data. One finished loop is called an iteration, and this inversion
loop is repeated until the difference between the synthetic data and the input (survey) data
is in the order of the data uncertainty (Johansen and Gabrielsen, 2015).

Figure 2.17: Inversion loop (EMGS training material).

There is no inverse operator for G that can be solved, therefore an iterative approach
is used for the model update:

Rn+1 = Rn + ∆R (2.7)
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which is achieved by minimizing an objective function:

ε = εdata + εreg (2.8)

where εreg is the regularization term and εdata is the data misfit and is defined as:

εdata = ΣW 2 |Eobs − Esynth|2

(δE)2
(2.9)

where W is a data weight which depends on offset and uncertainty for each data sam-
ple, and δ is the data uncertainty. Eobs − Esynth is the difference between the observed
electrical field data and the synthetic electrical field data (Tikhonov and Arsenin, 1977;
Tarantola and Valette, 1982). The data misfit is summed up for every receiver, transmitter,
and frequency.

An inversion problem is an ill-posed problem. It has no unique solution, which means
that there are several resistivity models that can create the same data. A small change in
the data leads to a large change in the model. This is also one of the largest challenges
with marine MT and marine CSEM and is called non-uniqueness.

(a) One set of data may give different models,
R1 or R2 in this case.

(b) Illustration of what non-uniqueness looks
like.

Figure 2.18: Illustrations of non-uniqueness (EMGS training material).

Non-uniqueness can be illustrated by Fig. 2.18 where in Fig. 2.18a, the observed
data (d), are represented by the electric field E and magnetic field H. Both models R1 and
modelR2 in the model space are possible solutions to the given data. It is an undetermined
problem due to insufficient data, and that the data are noisy and uncertain. An analog for
non-uniqueness can also be described from Fig. 2.18b. It is like to try to determine the
shape of an object based on its shadow.

One way to narrow down possible models that fit the data are through regularization
terms. A regularization function εReg(R) should be chosen such that models with de-
sirable properties are assigned low values, Fig. 2.19a (Zhdanov, 2009). Regularization
can be based on a smoothness requirement, sharp contrast requirement, consistence with
structure from seismic or with a priori resistivity information. Fig. 2.19b shows how the
R1 model is more desirable based on the low value of εReg(R) in Fig. 2.19a.
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(a) (b)

Figure 2.19: Regularization favours certain types of models (EMGS training material).

It is also possible to put constraints on the inversion in form of other geophysical or
geological data, which will limit the number of solutions and force the inversion to go
in one direction (Johansen and Gabrielsen, 2015). Also, it is important to carefully build
the start model for the inversion. It should be close to a global minimum on the misfit
function, Fig. 2.20. If the start model is too far from the true model the inversion may
converge towards a local minimum instead of the global.

Figure 2.20: Example for a misfit function fot a one-dimensional inverse problem (EMGS training
material).

For the inversions done in this thesis, the forward problem is solved by a parallel
adaptive finite element method implemented using unstructured triangular finite elements
that conform to the inversion parameters. The inversion algorithm is the same as explained
in this chapter, but the mathematics behind it is discussed in Key (2012b).
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Methods

In this section, the foundation of how the results were generated and the process of how
it was achieved will be discussed. From the geometry used from the interpretation of
seismic sections, through model-building, modelling of synthetic data and finally how the
inversion results were performed.

In the process of achieving the results, several types of software have been used; MAT-
LAB, PETREL, and MARE2DEM. PETREL is widely known and for this thesis the use of
PETREL has been limited to some interpretation and extraction of horizons, and nothing
that needs any further explanation. MATLAB is also a known software and is used as a
front-end and back-end to MARE2DEM, but MATLAB itself will not be discussed, but
rather how it was used together with MARE2DEM in this case.

3.1 Theoretical workflow of the study

Figure 3.1: Workflow used in the study.

The goal of this study is to investigate if it is possible to detect and image SMS deposits
with marine CSEM and image the asthenosphere with marine MT and marine CSEM. To
achieve the goals, several steps have been followed over and over again. The workflow is
illustrated in Fig. 3.1 and starts with a resistivity model that through forward modelling
generates synthetic data for the specified method, which is either CSEM or MT. The next
step is an inversion of the synthetic data, where the loop in Fig. 2.17 is followed until
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the misfit is accepted. That produces and inversion resistivity model which then is com-
pared with the forward start model from the initial step. For a low misfit value, a close
resemblance with the forward start model should be seen in the inverted resistivity model.

Fig. 3.2 illustrates how a synthetic resistivity model could look after it has been built.
Fig. 3.3 shows the unstructured grids applied to the inversion model that has a goal to
replicate Fig. 3.2 as good as possible based on the synthetic data, and also the results after
CSEM inversion (middle) and joint MT and CSEM inversion (bottom).

Figure 3.2: Illustration of synthetic model. (Key, 2012b)
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Figure 3.3: Illustration of the process from inversion start model to final inversion resistivity model
(Key, 2012b).
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3.2 MARE2DEM Content and workflow
MARE2DEM is an open source software. It is not streamlined but works great for aca-
demic use and research. It includes MATLAB programs scripts for visualization of the
data and for building the forward model and the inversion model. The workflow for
MARE2DEM is illustrated in Fig. 3.4. The different processes within the workflow will
be highlighted below, but the main part is that MARE2DEM uses MATLAB as a front-
end model building tool as well as a back-end plotting and imaging tool for results and
data. Geological structures or horizons can be imported into the model builder Mamba2D
in order to create the model. After the resistivity model is created, it is forwarded into
MARE2DEM for forward or inverse modelling. The results are then imported back into
MATLAB for quality control and viewing of results.

Mamba2D is the model builder assistant that is used to create the forward model and
the start model for inversion. Also, scripts are available for creating the forward CSEM and
MT data files. Several files are used as input into MARE2DEM. The data files specify the
sources, receivers, and frequencies as well as the type of data to be modelled. The model
file specifies the geometry of the model parameter grid, while a penalty file contains the
inversion’s roughness penalty matrix used for regularization. All of these files are listed
by the resistivity file created in Mamba2D, which is first read by MARE2DEM. It includes
the resistivity of each model region, if there is any anisotropy, inversion model bounds and
prejudices (MARE2DEM, 06.06.17).

Figure 3.4: The workflow of MARE2DEM. Modified from MARE2DEM Tutorial and Training
(MARE2DEM, 06.06.17)
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3.3 MARE2DEM walkthrough

Figure 3.5: Workflow of the method

In this section, the fundamentals of how the results were generated are represented. The
workflow is described below and is illustrated in Fig. 3.5.

In order to create a model, some geometry from the specialization project was used.
The seismic sections were interpreted in PETREL and those that have been used in the
master thesis were reviewed and interpreted with a higher focus on sediment packages than
before. Interpreted seismic horizons of the seabed, the top basement, and some sediment
interfaces were taken from PETREL and imported for use in MARE2DEM.

MARE2DEM is a parallel adaptive finite element code for 2D forward and inverse
modelling of electromagnetic geophysical data. It uses MATLAB as a front and rear-
end plotting software, and it is also in MATLAB through the model builder assistant
Mamba2D, that the different models for forward modelling and inversion are made.
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MARE2EM itself runs in this case on a cluster with enough cores to deal with the
inversion. The program itself doesn’t have a graphical interface. It is a command line code
for running the forward modelling and the inversion.

Initially, the geometry of the receiver positions needs to be determined and for seafloor
receivers, it is convenient to place the receivers slightly above the seafloor so that MARE2DEM
uses the seawater conductivity rather than the seafloor when converting currents to electri-
cal fields. As in a real survey where the electrical field sensors are located in the seawater
above the seafloor, a shift of 0.1 m above the seafloor is sufficient.

The seismic horizons taken from PETREL was interpreted in two-way traveltime, but
for the model building, it is necessary to convert them into depth. The Mamba2D model
builder in MATLAB has an easy interface the geometry and the parametrization of the
resistivity model can be defined. As seen in Fig. 3.6, there is a lot of ways to build a
model in Mamba2D. Either from scratch where one can draw the model by hand, or by
importing segments from seismic interpretation as is done in this case, together with a
handmade geometry of the magma chamber and deeper parts the model. The final forward
model can be seen in Fig. 3.7

Figure 3.6: The interface of the assistant model builder in MATLAB: Mamba2D with a large scale
model.

Each part of the model is then given a resistivity value that suits its geological proper-
ties, and this is stored together with the geometry in a model file that is, together with a file
defining the survey parameters, sent to MARE2DEM for forward modelling. The forward
code in MARE2DEM then generates synthetic data. In the next step, noise is added to the
synthetic data and stored in a different file format.
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3.3 MARE2DEM walkthrough

Figure 3.7: Model used for the large scale regional study.

As the forward resistivity model, the start model for inversion is built with the help of
Mamba2D, while using the same geometry for the seabed, this model is very simplified,
as it is just an initial guess of how the model could possibly look like. It is created as a
halfspace with the sea surface and the seabed as the only restricted surfaces. This study
want’s to test the capability of CSEM and MT to reconstruct the subsurface resistivity
structure, therefore only a simple halfspace is used as start model. Resistivity values for
air and seawater are fixed.

Figure 3.8: Inversion start model with air (dark red), seawater (blue), and subsurface(green). The
black lines are the gridding patterns that are selected for each region.

The inversion model is discretized using triangles and rectangles with varying size.
They are small below the seafloor and increase with depth as the resolution of EM de-
creases, see Fig. 3.8.

MARE2DEM performs an OCCAM type of inversion, where the aim is to find the
smoothest possible model that explains the data.
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Figure 3.9: Inversion halfspace; the initial resistivity model that is inserted into MARE2DEM for
forward inversion modelling. On a logarithmic scale, with a resistivity of 10 ohm-m for the subsur-
face, while seawater has fixed resistivity of 0.3 ohm-m.

MARE2DEM updates the resistivity model by itself and after each iteration it gives
a response file containing synthetic data and a new resistivity file containing the updated
model. Then, most of the cells in the halfspace have then been altered and updated with
the new resistivity value and the inversion continues iterating goes on to try to minimize
the misfit. After the iteration process should reach a misfit close to 1, which means the
model fits the data within the desired data uncertainty. The results are imported back into
MATLAB for plotting and viewing of results.

During the inversion, the goal is to get as close as possible to the initial starting model
as possible, Fig. 3.7. One result could be something like in Fig. 3.10

Figure 3.10: Final iteration with a RMS misfit of 1.3631 after 22 iterations. The result is after an
MT inversion of MT generated data.
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3.4 Background data
Like discussed above, the geometry of the seafloor and the top basement is from a seismic
section from the Mohn-Knipovich Ridge between Jan Mayen and Svalbard. They were
interpreted in the specialization project last semester and now used to create the frame-
work for the electromagnetic resistivity models, see Fig. A.1 for the location of the CSEM
modelling and inversion of SMS deposits from the seismic. Other geometries in the mod-
els, such as the magma chamber in Fig. 4.3a are influenced by Key et al. (2013), where
also the resistivity values are taken from. This geometry also fits well with the Conley and
Dunn (2011) version of the mantle structure at the ridge, Fig. A.2 in the appendix, and the
values with the table of resistivity values from Spagnoli et al. (2016) seen in Fig. 2.7.

No. Geometry Resistivity (Ωm)
1 Air 1× 1013

2 Seawater 0.3
3 Sediments 1
4 Basement 1000
5 Magma chamber 1
6 Deep partial melt 10
7 SMS 0.2

Table 3.1: Resistivity values used in the forward models - Chosen from resistivity values given in
Key et al. (2013) and Spagnoli et al. (2016)

Table. 3.1 displays the resistivity parameters that were used in the forward start model,
whilst Table. 3.2 displays the resistivity parameters used in the inversion start model for
this project.

No. Geometry Resistivity (Ωm)
1 Air 1× 1013

2 Seawater 0.3
3 Halfspace 10

Table 3.2: Resistivity values used in the inversion start model.

33



Chapter 3. Methods

34



Chapter 4

Results

In this chapter, the results from the 2D synthetic forward modelling and inversion study
will be presented. How the geometry of the sections was chosen, how the electric proper-
ties were chosen will be clarified and the different variations of parameters that have been
used to produce each result will be presented. The workflow that is used to provide the
results can be seen in Fig. 3.5.

In the forward modelling and inversion study that were carried out, this is the different
tests that were done and that will be presented:

• Large scale imaging of the asthenosphere with a magma chamber

Using marine MT and marine CSEM

• Size dependent imaging of SMS with marine CSEM

Large SMS deposits (used as reference case through the rest of the study)

Small SMS deposits

• Frequency dependent imaging of SMS deposits with marine CSEM. Compared to
all frequency case

Low frequencies [0.25 Hz, 0.5 Hz, 1.0 Hz, 2.0 Hz]

High frequencies [4.0 Hz, 8.0 Hz, 16.0 Hz, 32.0 Hz]

• Receiver spacing dependent imaging. Compared to 1 km case

2 km receiver spacing

750 m receiver spacing

where the ”Large SMS deposits” case is used as a reference case for the following
tests, with 1 km receiver spacing and all frequencies included.
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4.1 Data Sensitivity to Astenosphere
From the forward modelled data, consider a background halfspace (blue curve) of high
resistivity basement, Fig. 4.1a (1000 Ωm) compared to a model with a deeper conductive
zone (red dashed curve) like Fig. 4.1b. The conductive zone will give a lower apparent
resistivity, top both figures in Fig. 4.2 and a decrease in phase, which is higher phase
degree values, bottom figures. The data are from receiver 033 at receiver position 64 km
with all MT frequencies and Fig. 4.2a shows the TE mode whilst Fig. 4.2b shows the TM
mode for the same receiver.

(a) MT background model. Resistive basement of 1000 Ωm.

(b) MT model with less resistive features. Outcrop of model in Fig. 4.3a

Figure 4.1: Background model (a) and model with less resistive features (b).
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4.1 Data Sensitivity to Astenosphere

(a) TE mode. Apparent resistivity at the top and impedance phase at the bottom. Blue
curve represents the background model and red curve the more conductive model.

(b) TM mode. Apparent resistivity at the top and impedance phase at the bottom. Blue
curve represents the background model and red curve the more conductive model.

Figure 4.2: TE and TM modes for background model and a more conductive subsurface model.
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4.2 Imaging of a Magma Chamber and the Astenosphere
In Fig. 4.3 the objective was to image a magma chamber below the mid-ocean ridge,
much like what was done in Key et al. (2013), but through MT modelling and inversion.
The same structure as in Key et al. (2013) was used, but with different dimensions. A
conceptual model was chosen in order to ease the imaging. Sixteen frequencies between
0.001 Hz and 1 Hz was used and receivers were placed every 2 km along the whole section
(0-72km) making up a total of 37 receivers. In Fig. 4.3a the top blue area represents the
seawater (10 Ωm), the next lighter blue layer represents the sediments (1 Ωm) and the red
area is the basement (1000 Ωm). The blue area in the middle is the magma chamber with
a feeder (1 Ωm) that goes all the way to the seafloor, and the green area is the deep partial
melt (10 Ωm) below the magma chamber. Fig. 4.3b colours show log[resistivity (Ωm)] in
the vertical directions obtained by MT inversion after 22 iterations with a misfit of 1.3631.
The horizontal scale is in km away from the zero point to the west on the line.

In Fig. 4.3c the same initial model, Fig. 4.3a, was used, but CSEM forward modelling
and inversion was executed instead of MT. 2 km spacing between the receiver were also
used in this case, and four frequencies (0.25 Hz, 0.5 Hz, 1.0 Hz and 1.5 Hz) was chosen.
After 25 iterations, the misfit ended at 1.0897.

38



4.2 Imaging of a Magma Chamber and the Astenosphere

(a) Start model for large scale MT and CSEM forward modelling.

(b) Large scale MT inversion resistivity model. Misfit of 1.3631 after 22 iterations.

(c) Large scale CSEM inversion resistivity model. Misfit of 1.0897 after 25 iterations.

Figure 4.3: Large scale resistivity model and inversion. Red colours are resistive, blue are more
conductive.
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4.3 Imaging of SMS deposits
From Fig. 4.4, the background model and the start model for SMS deposits are shown,
whilst in Fig. 4.5 the blue curve represents the background model without any SMS de-
posits, while the red dashed curve are from the model with conductive SMS targets, both
for receiver position 70 km for 0.5 Hz. On the right side of the magnitude plot (top), there
are no conductive anomalies which lead to both curves being smooth and reading the same
values. The phase curve (bottom) shows the same trend for the right side. On the left
side, however, considering the magnitude plot, there are two distinctive spikes in the red
dashed data at 55 km and 59 km. There is also possible to see small separations of the two
curves where the red dashed curve loses magnitude compared to the blue curve at 58 km,
62 km, and 66 km. The same separation of the curves is easier spotted in the phase shift
plot for the same positions, where the red dashed curve loose phase velocity compared to
the background model, indicating more attenuation.

(a) Start model for background model without SMS deposits.

(b) Start model for large SMS deposits.

Figure 4.4: Magnitude plot (top) and phase shift (bottom) data from CSEM modelling. Red curve
represents data from model with SMS mounds, blue curve represents background model without
SMS.
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4.3 Imaging of SMS deposits

Figure 4.5: Magnitude plot (top) and phase shift (bottom) data from CSEM modelling. Red curve
represents data from model with SMS mounds, blue curve represents background model without
SMS.

To clarify the geometry of the SMS deposits in Fig. 4.7a and in Fig. 4.8a, which look
like pillars, Fig. 4.6 shows how the SMS mounds look like on an equal axis. This is the
SMS deposit furthest to the right and this is the largest one from Fig. 4.7a.

Figure 4.6: Geometry of SMS mounds on equal axis.
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(a) Start model of large SMS deposits.

(b) Inverted resistivity model for large SMS deposits. Misfit of 1.210 after 34 iteration.

Figure 4.7: Large SMS depoits inverted (b) from model (a).

4.3.1 Impact of Size of SMS deposits on the Imagability
In the model of Fig. 4.7a, the SMS deposits are made deliberately large, reaching from 55
m to almost 200 m in height and from 200 m to 400 m in length. This was to ensure that it
was possible to get the wanted response from the CSEM inversion. Two of the targets are
on the seafloor whilst three are buried under sediments. For the modelling and inversion,
33 receivers were used between 40 km and 72 km resulting in a receiver spacing of 1 km.
Seven frequencies, 0.5 Hz, 1.0 Hz, 2.0 Hz, 4.0 Hz, 8.0 Hz, 16.0 Hz and 32.0 Hz, was used
to obtain the resistivity distribution in Fig. 4.7b. The total misfit ended at 1.210 after 34
iterations.

For the model used in Fig. 4.8, the SMS deposits were made smaller, from 35 m
in height and 65 m in length to 100 m in height and 200 m in length. This was to see
how small the deposits can be in order to successfully give a conductive anomaly on the
inverted data. The same receiver spacing and frequency content were used as for the larger
SMS deposits to make them more comparable. After 12 iterations the inversion model
converged towards a misfit of 1.364.
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4.3 Imaging of SMS deposits

(a) Start model for small SMS deposits.

(b) Inverted resistivity model for small SMS. Misfit of 1.364 after 12 iterations.

Figure 4.8: Small SMS deposits inverted (b) from model (a).

Fig. 4.9 is the comparison of the inversion results between large SMS deposits, Fig.
4.9a, and small SMS deposits, Fig. 4.9b. It is easily spotted a difference in the intensity
of the conductive anomalies in the two plots.
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(a)

(b)

Figure 4.9: Comparison of inverted resistivity models for large SMS deposits (a) and small SMS
deposits (b).

4.3.2 Impact of Frequency content of the CSEM Signal on Imaging
Sensitivity

In Fig. 4.10 a comparison between the large SMS case, Fig. 4.10a, a low frequency only
case, Fig. 4.10b, and a high frequency only case, Fig. 4.10c, has been made. All the
inversion models have the same receiver spacing, 1 km, but they have different frequency
content. For the large SMS case, still all seven frequencies were used, but for the low
frequency case, only four frequencies, 0.25 Hz, 0.5 Hz, 1.0 Hz and 2.0 Hz was used. This
resulted in 25 iterations where the model converged towards 1.152 in misfit. For the high
frequency case, four high frequencies were used, 4.0 Hz, 8.0 Hz, 16.0 Hz and 32.0 Hz, and
the model converged at 1.145 after 30 iterations. There is a distinct difference in the low
frequency plot and high frequency plot as the colours in the low frequency plot are much
more smeared out than for the two other cases.

44



4.3 Imaging of SMS deposits

(a) Inverted resistivity model for large SMS as reference.

(b) Low frequency inverted resistivity model.

(c) High frequency inverted resistivity model.

Figure 4.10: Frequency dependent inversion results.
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4.3.3 Impact of Survey Geometry on Imaging Sensitivity
It is also reasonable to look at the survey geometry. Since closer receiver spacing usually
would lead to better data, but there is a trade-off between how good your data need to be
compared to the cost of the survey. The more receivers one need, the more it will cost to do
the survey. In Fig. 4.11, a comparison of the large SMS case with 1 km receiver spacing,
Fig. 4.11a, 2 km receiver spacing, Fig. 4.11b, and 750 m receiver spacing Fig. 4.11c is
done. In this test, only the receiver spacing parameter is changed, all others are the same.
Same size of SMS targets and the same frequencies are used. In the 2 km spacing case, the
conductive anomalies are not that much different from the 1 km spacing case, but a small
difference in the 59 km seafloor anomaly. The 2 km inversion model converged after 18
iterations towards 1.236 in misfit. In the 750 m receiver spacing test one can almost spot a
fifth anomaly around 58 km. This test converged at a misfit of 1.1643 after 20 iterations.
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4.3 Imaging of SMS deposits

(a) Inverted resistivity model for large SMS as reference.

(b) Inverted resistivity model for 2 km receiver spacing.

(c) Inverted resistivity model for 750 m receiver spacing.

Figure 4.11: Receiver spacing dependent inversion results.
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Chapter 5

Discussion

In this chapter, the results of the synthetic forward modelling and inversion study will be
discussed, but also what is done before of similar research with similar methods. The
ability of marine CSEM and MT to reconstruct the subsurface resistivity structure of a
mid-ocean ridge will be discussed. Further, the ability of CSEM to image and detect SMS
deposits of different size and at different depths will be discussed, and the EM methods
used are set in context with other geophysical methods. A part with suggestions for further
work will also be presented.

5.1 Discussion of results

5.1.1 Ability of MT to Resolve a Deep Magma Chamber
Fig. 4.2 of the different MT modes showed a separation in the apparent resistivity for both
modes at around 102s. For a resistive background, like the blue curve, it will increase to-
wards 103Ωmwhich is the dominating subsurface resistivity of the model. An influence of
a more conductive body in the subsurface, Fig. 4.1b, will decrease the apparent resistivity
value, since it is an average of the subsurface resistivity, and a separation between the red
and blue curve is spotted:
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Figure 5.1: Illustration of separation in the apparent resistivity curve for large scale MT modelling.
Conductive model represented by red curve and resistive background model respresented by blue
curve.

For the impedance phase, which is an indication of phase velocity, low phase angles
indicate high resistivity and large phase velocities. This would be the case for the resistive
background model represented by the blue curve. The red curve, however, shows larger
phase angles, which indicates more attenuation and lower phase velocities, Fig. 5.2. This
is a typical case for a more conductive subsurface, as higher conductivity leads to larger
attenuation of the signal. Both separation of the apparent resistivity and the impedance
phase are spotted on the TM and TE modes.

Figure 5.2: Illustration of separation in the impedance phase curve for large scale MT modelling.
Conductive model represented by red curve and resistive background model respresented by blue
curve.

In Fig. 4.3 the goal was to image the model of a magma chamber with a partial melt
below from MT and CSEM forward modelling and inversion. MT with its low frequencies
and long skin depth have the ability to image structures at large depths better than CSEM.
The conductive zones on the MT inversion model are well imaged in the deep, especially
around 10-20 km depths, but below the magma chamber, it struggles to resolve where the
magma chamber stops and becomes a less conductive partial melt. This could be due to
large attenuation in the very conductive magma chamber. Also, for shallower depths, it
struggles to give good enough resolution. The magma feeder that goes from the chamber
towards the seafloor is imaged to large, and the boundary between sediments and base-
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ment don’t have a well-defined transition. A lack of higher frequencies gives only large
wavelengths and poor resolution. In the CSEM case, the almost opposite effect can be
seen. CSEM with its higher frequency content can resolve the feeder and the transition
between sediments and basement much better than MT, but it has a shorter skin depth and
it struggles to even detect the full conductivity anomaly of the magma chamber. For this
test, small enough frequencies were used to image some of the deeper parts, and the par-
tial melt part is actually quite decent imaged, even if it isn’t able to separate the magma
chamber and the partial melt from each other.

5.1.2 Imaging and Data Sensitivity for SMS deposits
From the CSEM modelling of the SMS deposits between 54 km and 66 km, it is possible
to generate the same comparison as for the MT case with and without conductive bodies.
Five SMS mounds were inserted into the model, where two were on the seafloor, whilst
three were buried beneath sediments. From the magnitude plot in Fig. 4.5 it is possible
to see two spikes in the red data curve at 55 km and 59 km, which is where the two SMS
mounds that are located on the seafloor are found in the model. The three buried SMS
mounds can be seen as a small separation in the blue background curve and the red SMS
modelled data curve, Fig. 5.3. The separation is due to a reduction in magnitude from
attenuation in the conductive bodies compared to the less conductive surroundings. Notice
that on the right side of the curve, the curve is smooth and no separation can be seen as
there is no difference in resistivity values for the two cases.

Figure 5.3: Magnitude plot where spikes and separations between the two models represent SMS
mounds.

Attenuation due to conductive bodies is also reflected in the phase shift curve, and
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in this case, it is easier spotted from the phase curve than the magnitude curve. More
attenuation due to conductive bodies leads to higher phase angles and a reduction in the
phase velocity. This can be seen in the separations marked with red arrows in Fig. 5.4
where the model with SMS targets have a lower phase velocity than the background model.

Figure 5.4: Phase shift plot where the separation indicates conductive SMS targets.

One of the main goals of the thesis is to investigate how well inversion of CSEM data
can reconstruct SMS deposits in the subsurface. For the first case involving SMS, Fig. 4.7,
four conductive anomalies are clearly visible. The two on the seafloor and the two largest
SMS mounds to the right were successfully imaged from the inversion, but the smaller
mound at 58 km is not visible. A combination of the size of the mound and that it is buried
beneath sediments is most likely an explanation. What else that may be noticed is that the
transition between sediments and basement are well imaged in this case (all frequencies),
but also here it fails to image the small ”bump” of the basement that the un-imageable
SMS mound is located. This could be due to resolution issues.

5.1.3 Impact of size of SMS on Imaging Quality
For the next test, all the parameters were the same, except the size of the SMS mounds,
which were smaller. Fig. 4.8 shows the resistivity distribution after modelling and inver-
sion of the small SMS deposits. Like for one of the smaller SMS mounds in Fig. 4.7, they
are hard to image. The only mound that is somehow decent imaged is the SMS at 55 km
which is on the seafloor. The rest of the conductive anomalies are really poorly imaged,
and it is only the SMS at 62 km of the buried ones that has given some anomaly that could
be of interest. This test confirms more or less the doubt from the previous test when it
comes to the size of the deposits. It seems that the mounds need to be of a certain size in
order to be properly imaged by CSEM, at least if they are buried beneath sediments. This
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is easily seen from Fig. 4.9, where there are four clear anomalies for the large SMS case
and only one obvious and one tiny anomaly buried by sediments.

5.1.4 Impact of CSEM frequencies on resolution
In the frequency dependent test, the size of the mounds was held constant, as well as the
receiver spacing. Three test are compared, one with all seven frequencies [0.5 Hz, 1.0 Hz,
2.0 Hz, 4.0 Hz, 8.0 Hz, 16.0 Hz and 32.0 Hz], one with four low frequencies [0.25 Hz,
0.5 Hz, 1.0 Hz, 2.0 Hz] and one with four high frequencies [4.0 Hz, 8.0 Hz, 16.0 Hz, 32.0
Hz]. At first glance, Fig. 4.10a and Fig. 4.10c looks very similar. They have both two
conductive anomalies for the seafloor bound mounds and two conductive anomalies for
the buried mounds, and both figures show a good and clear interface between sediments
and the basement. The only part that separates the two inversion results is that for the high
frequency case, the SMS mound at 58 km which is not imaged for all frequencies, gives
a small anomaly for high frequencies only. Looking at the difference in misfit of the two,
the high frequency only case has a lower misfit and is, therefore, closer to the actual model
than the all frequency case, Fig. 5.5.

(a) All frequencies. (b) High frequencies only.

Figure 5.5: Small anomaly for the high frequency case (b) compared to all frequency case (a). Red
circle indicates where there is a small change in conductive anomaly for SMS mound at 58 km.

On the low frequency case, Fig. 4.10b, the first one notice is how poor the transition
between sediments and basement are imaged. The low frequencies don’t have the resolu-
tion to sharply map the transition due to long wavelengths and a diffuse transition can be
seen:
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(a) High frequencies. (b) Low frequencies.

Figure 5.6: A sharp contrast between the sediments and basement for the high frequency case
(a), but the transition is poorly mapped from the low frequency case (b). White arrows show the
thickness of the transition of the sediment-basement interface, placed right above the 61 km mark.
The red circle indicates the different position of the SMS anomaly and also how much less dense
the anomaly is for low frequencies only compared to high frequencies. Horizontal scale in km away
from the start of the line.

Another feature to take a look at is how much denser the high frequency anomaly for
the buried mounds are compared to the low frequency anomalies. They display the same
effect as for the transition of the interface, a diffuse conductive anomaly. which also can
be seen in Fig. 5.6. Not only to mention that for low frequencies, it also struggles to
image the depth of where the anomaly lies. For all frequencies and high frequencies only
the anomaly at 62 km lies right below 2.6 km in depth, which is where it lies from the
forward model, but for low frequencies, it is imaged directly at 2.6 km depth. Correct
depth placement and volume estimates are a major concern for mining after these types of
deposits.

5.1.5 Impact of Receiver Separation on Imagibility
The last test that was performed was different receiver spacing when SMS mound size
and frequency content was held constant. In the reference case, Fig. 4.11a, 1 km receiver
spacing is used and is compared to Fig. 4.11b where 2 km receiver spacing is used.
Only minor changes in the resistivity distribution can be spotted. The sediment-basement
interface is a bit more diffuse for the 2 km spacing case, but not in the same way as for low
frequencies, which showed a remarkable difference. The 2 km spacing test struggles to
image one of the SMS mounds at the seafloor at 59 km compared to the 1 km spacing test.
A closer look at the receivers shows that for 1 km spacing, the mound has a receiver almost
right above it, but that the mound falls in between two receivers for the larger spacing test.
The signal that reaches the SMS mound is, therefore, more attenuated when the distance to
the receiver is longer, and will, therefore, be more difficult to retrieve the right conductive
anomaly.
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(a) 1 km receiver spacing. (b) 2 km receiver spacing.

Figure 5.7: Difference in conductive anomaly for the SMS mound at the seafloor at 59 km. For 1
km case (a), the mound has a receiver right above it (receiver each km), but in the 2 km test (b) the
mound falls in between two receivers (only each 2 km, at 58 km, 60 km etc.).

The final comparison was with a receiver spacing of only 750 m, Fig. 4.11c. Compared
to the 2 km spacing test, 750 m receiver spacing resolves the interface between sediments
and basement to a sharper transition. It also enhances the imaging of the SMS mound at
59 km better. Compared to the 1 km test, there are minor differences. Small differences
in the transition at the interface, but more interesting there are some changes in both the
SMS mound at 59 km, but also for the one at 58 km. As Fig. 5.8 shows, the 750 m spacing
concentrates the SMS mound anomaly at 59 km to a smaller area and narrows down the
possible location of the mound. It does also produce a slightly more conductive anomaly
for the buried mound at 58 km compared to the 1 km case and makes it more comparable
with the inversion result for high frequencies, Fig. 5.5, for this particular mound.

(a) 1 km receiver spacing. (b) 750 m receiver spacing.

Figure 5.8: Red circles indicates differences in conductive anomalies for the SMS mounds at 58 km
and 59 km for 1 km spacing (a) and 750 m spacing of receiver (b).

To summarise the EM imaging results, MT works well for imaging of deep and large
structures but struggles with resolution in the shallower parts of the model. CSEM don’t
have the penetration depth as MT but resolves the shallower subsurface much better than
MT. From MT data analysis it was possible to see that conductive subsurface features
would provide sufficient changes in resistivity to influence the apparent resistivity and the
impedance phase for the subsurface model.
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For the tests done with SMS mounds, it was shown that the SMS deposits need to be
of a certain size to be imaged. The small ones were hard to image, and only the ones at the
seafloor gave any conductive anomalies. From CSEM data analysis it was obvious that the
spikes in the magnitude plot were related to the SMS mounds found on the seabed. The
same spikes are found when towing CSEM above pipelines on the seabed. The separation
of the magnitude curves is due to an attenuation effect given by the conductive targets.

For the frequency comparison, larger frequencies replicate the true model more ac-
curately than low frequencies. It has smaller wavelengths and is able to resolve smaller
targets better than large wavelengths and low frequencies.

Survey planning is an important part of the feasibility study and with that the receiver
spacing geometry. This is a trade-off between how good the subsurface resistivities can
be reconstructed, and how much money that can be used on the survey. The results are
not that much different, but small receiver spacing means more data that describes the
subsurface and therefore gives a better reconstruction of the resistivity model.

5.2 Earlier work and method
For the large scale magma chamber modelling and inversion, there are several papers on
the subject, and Key et al. (2013) was a heavy influence for the test of MT modelling and
inversion. When it comes to CSEM modelling and inversion of the SMS mounds, some
simplified modelling has been done earlier with more focus on the used method rather
than for an exploration purpose, (Kowalczyk et al., 2015; Imamura et al., 2011, 2012). For
this thesis, it has been done a large scale modelling and inversion after SMS deposits for
mineral exploration purposes, with geology from an expected SMS environment together
with real case acquisition parameters. This separates the thesis and results from most of the
other papers that have been written on the subject. The results are therefore interesting and
also important pre-survey work in order to know which parameters that is most suitable in
a real case scenario.

The whole project and test are done through 2D modelling and inversion, and not 3D.
Geology is as everyone knows in 3D and will be a lot more complicated when taking all
survey parameters into account with receiver grid and towlines, but also that there are even
more directions in the subsurface to record data from. In a 2D case, it is assumed that
the model that is created works infinite inward, which is not the case. 3D modelling and
inversion can limit the inward contribution of e.g. the SMS mounds. Also, the tests are
done based on isotropic conditions, which is not likely to be a real life scenario at the
Atlantic Mid-Ocean Ridge, but it is a sufficient assumption for studying imageability and
sensitivity. The model is also very simplified with only one resistivity value for all the
sediments that lies above the basement, and there is not taken into account for the different
facies inside the basement, i.e. dykes and pillow lavas and any other geological features
before the magma chamber and the partial melt below. For the SMS mounds, a single
resistivity value was chosen as well, and the model only included the mounds itself, and
not chimneys, stockwork zones or zonation of the different minerals within the mound.
The transmitters are also the same height above the seafloor everywhere in the model, but
due to the complex geology at the mid-ocean ridge, which is used in the model, and length
of the transmitter, a more smooth towpath above the largest geological features on the
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seafloor needs to be taken.
Still, the results of the test are valid and give a lot of insight. Compared to seismic,

CSEM has lower resolution and will retrieve an average signal from a larger area than e.g.
seismic, which means that it is the ”bigger picture” that is looked for. A simplification of
the SMS mounds is therefore not the biggest issue with the method. A concern for a real
case scenario will anyways be the resolution of CSEM. CSEM normally uses much lower
frequencies than seismic. For this project, frequencies up to 32 Hz is used, but that is
still only half of what is normal for seismic, and 32 Hz in CSEM is a pretty high frequent
CSEM survey. Hence, seismic has the resolution to detect smaller SMS deposits due to
shorter wavelengths. Another dilemma with imaging using EM methods is that an image
of the subsurface is retrieved through inversion. And as stated in the theory chapter, it is
an ill-posed problem, which means it is not unique. There are several solutions, or models,
that fits the data. This may, of course, be dealt with through regularisation and roughness
penalties added to the inversion criteria, which will push the inversion model into the right
direction, but still, non-uniqueness still exists.

Advantages of the method are that CSEM is sensitive to changes in resistivity, and not
impedance contrasts like seismic. That is advantageous taking into account that SMS de-
posits are build up by conductive minerals that are found in volcanic environments, which
are very resistive. The high contrasts in impedance between sediments or seawater and the
volcanic basement are often so large that the seismic signal is scattered, and not able to
see into or below the volcanic rocks, see Fig. 5.9. EM methods don’t have that issue, as
resistive formations reduce the attenuation and enhance the penetration depth of the sig-
nal. In very complex geological areas it is also possible to take CSEM measurements by
using two autonomous underwater vehicles (AUV), one as a source and one as a receiver,
to avoid cable tangling (Imamura et al., 2011).
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(a)

(b)

Figure 5.9: Comparison of inverted resistivity models for MT (a) and seismic section (b) of the
same area. Seismic signal scattered right below the basement, whilst MT can image deep beneath
the top basement. Also showing seismic horizons that were used to create the forward start model.
Top basement in purple, a sediment layer in yellow and seafloor in green.
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5.3 Further work
There are a lot of opportunities when it comes to marine mineral exploration after SMS,
and still a lot of unanswered questions. One that is recommended for modelling and inver-
sion is to take into account the circulating seawater that creates these deposits. Seawater
is in itself conductive, and whilst containing metal minerals that are leached from the
surrounding rocks it should be even more conductive. How will the circulating seawater
change the inversion model? Will it make such a contribution to conductive anomalies that
it will mask the SMS deposits, or maybe it will give a clue of where to locate the deposits?
Maybe it will be an important part of the exploration strategy in the future, or maybe the
contribution on changes in resistivity is of a scale that is negligible.

3D forward modelling and inversion would also be interesting to look at. The geology
at the mid-ocean ridge is complex and a 3D response of the mounds will be limited in all
directions, R(x,y,z), instead of only the observation plane and in depth, R(x,z), like in this
study. Perhaps even larger SMS mounds are necessary in order to detect them with CSEM.

It would also be interesting to look at the induced polarization (IP) effect on the SMS
deposits. Either by including the IP effect when modelling and inverting EM data, or
just by itself. Maybe there are other methods that work a lot better to explore after SMS
deposits than CSEM.
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Chapter 6

Conclusion

This project has shown that:

• MMT is a good tool to image deep mantle structures.

• Spikes on a magnitude plot means SMS deposits on the seabed, and separation
means they are buried beneath sediments.

• The buried SMS mounds needs to be of a significant size in order to be able to
image. Preferably larger than 60 m in height and 200 m in length. At the seabed,
smaller deposits can be detected.

• Low frequencies struggle to define the interface between sediments and basement
and misplace the mineral mounds.

• High frequencies are preferable as it enhances the resolution and detection of min-
eral mounds.

• Receiver spacing is not essential to alter the outcome of inversion, but shorter re-
ceiver spacing adds accuracy to the inverted resistivity model.

The tests have shown that CSEM is a valuable tool when it comes to a large scale
exploration after seafloor massive sulphide deposits in deep sea environment.

There were issues with imaging of ”smaller” buried mounds, which were hard to spot
from the inverted resistivity model. Also, anisotropic conditions, a more detailed resistiv-
ity model, and 3D modelling and inversion may alter the results of these tests.

For future work, a model with seawater circulation pattern should be taken into consid-
eration. A 3D forward modelling and inversion study should also be considered for further
work as it would give a more realistic representation of the geology and the geophysical
response of the targets.

These results can work as a part of a feasibility to a real case CSEM survey and may
provide valuable information before choosing survey parameters.
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Appendix

Figure A.1: The location of where the CSEM modelling and inversion of SMS deposits was done
showed on the seismic line.
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Figure A.2: Cartoon of how Mohns ridge mantle seismic structure. (Conley and Dunn, 2011)
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