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We do not fully understand a science
as long as we do not know its history
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Preface

Originally, the book published in 2012 under the title Electrographies de fond de
mer: une révolution dans la prospection pétroliere, edited by Lavoisier, was written
for the French public who had no or little knowledge on these new developments of
offshore geophysical exploration.

The book was nominated for the French international Roberval’s Award in 2013.

It must be said that hydrocarbon direct prospecting has always aroused in France
some very unfavorable reactions a priori often relayed by the institutional and
economic circles in place. So it was normal despite a few French development
attempts in the past that these new techniques would emerge in the Anglo-Saxon
and Scandinavian countries in particular.

However, under pressure from my English-speaking colleagues, it seemed
appropriate to me to deliver a translation of my work in English with several
additions concerning the period 2012 to 2015, making it accessible to all of our
small community of geoscientists.

Since the publication of my book, several very good papers, reviews and articles
about the history, the theory or the instrumentation synthesis have been published.'
They can be used as excellent complements about these subjects. Written by the
actors and pioneers of this research, these overviews give different points of view,
which may epistemologically interest the reader seeking deeper knowledge of this
new subject still in development.

I hope this sometimes unskillful translation will meet the expectations of my
friends and scientific colleagues, researchers, engineers, technicians and especially

"The French edition of my book and the book of Professors Alan D. Chave and Alan G. Jones, The
Magnetotelluric Method, were simultaneously published in 2012. The latter is only about the
magnetotelluric method (MT). A large part is specifically devoted to marine investigations using
natural sources (mMT), which are less widely used in oil exploration than controlled source
methods (mCSEM). So I recommend to the reader this excellent book for the history, the
theoretical developments and the practice of this prospecting method, which was born in France
in the 1950s, through the work of Professor Louis Cagniard.
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viii Preface

young students preparing for careers in prospecting® or more specifically in marine
geology. Secondly, I think this book could also interest the community of petroleum
geophysicists as a complement to information on marine electromagnetic tech-
niques. This book is also intended for managers and executives of gas and oil
service companies whose activities’ development is increasingly shifting toward
the sea.

This book is rather devoted to the description of the physical principles and the
data acquisition of seabed logging. For this reason, this work is incomplete. Some
aspects of theoretical interpretation used as mathematical methods, numerical
analysis computations and inversion techniques are reduced to a bare minimum.
In the different theoretical parts of my work, I preferred to expose exact formula-
tions using analytical calculations (with the simplest models) but closer to physical
realities (directly related to the field measurements). Therefore this may be a good
introduction to a future book solely devoted to mathematical modeling and inter-
pretation. On the other hand, I tried to insert qualitative digressions and descriptions
rather than equations whenever possible. I think that this approach should probably
be more accessible to a larger public readership.

This treatise was therefore designed in a didactic way in order to explain as
simply as possible the notions and physical concepts, which in electromagnetism
are more complex and certainly less known by professionals in petroleum geo-
science than those traditionally used in seismic exploration. Finally, this text also
needs to be viewed as an introduction to a new technology and as a tool for
reflection, from the historical point of view, on future developments that will
undoubtedly enrich this new field of investigation.

Never before, indeed, in the small world of applied geophysics and especially in
that of offshore oil exploration has a technology aroused, in so little time, so much
interest and enthusiasm. There is not one month, not one week, when an article does
not hit the headlines of a specialized professional magazine. It is true that the
technique is attractive and the stakes huge. Indeed, if the method reaches a record
rate of discovery of nearly 90 %, never equaled so far, it is also environmentally
quite remarkable. Directly, unlike the seismic method, it has virtually no impact on
marine life, and, indirectly, it severely limits by its excellent results exploration
drilling.

In any case we really are today the witnesses of an unprecedented technological
breakthrough that could in the future completely change the situation in terms of the
energetic, industrial, and commercial aspects as well as the plan of world geo-
politics, by extending the territorial marine areas dedicated to mineral exploration,
for example.

>This is the reason why mathematical developments have been limited, and reduced to the
essentials, something quite difficult to do when we know the more and more important part
given to interpretation methods especially in electromagnetism. Geophysicists and earth physi-
cists, concerned about further details, will deepen some points with bibliographies located at the
end of the chapters and the end of the volume.
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Are we attending, for all that, the birth of a new industry? Are traditional
upstream companies endangered? Is this finally a revolution in the field of oil
prospecting or just a redistribution of the cards in the very closed environment of
offshore exploration?

More particularly, technically, this book intends to answer these questions. It
aims, after nearly a decade of commercial exploitation, to review this new applied
method, for a long time in gestation in university circles and today open to new
conquests.

This is the first book devoted to this subject. Despite some parts being treated in
a new way, this volume does not claim in any way to be an original work, with
much input from specialists around the world, but rather a summary document,
which has the merit of offering the public today an exhaustive inventory of the
matter. This was relatively difficult to achieve as the number of documents is
impressive (see the bibliography at the end of the volume), the authors numerous
and the presentations of some of them hardly clear from the point of view of the
physics, introducing sometimes real doubts and, even more damaging, controver-
sies. This is one of the reasons why the acquisition data part is more developed than
the interpretation part. So I imagine that this work may have many defects yet.

Finally, throughout the text, despite these shortcomings, I hope the reader and
particularly geoscience students will find a line of thought and an embryo of an
answer to the delicate problem raised by the concept of direct prospecting, which
like an old sea serpent has, since the beginning of petroleum geophysics, discreetly
haunted the prospector’s profession.

Orléans, France Stéphane Sainson
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Chapter 1
Introduction

Abstract After a preamble, this introduction first places seabed logging in the
global economy. After a succinct reminder of petroleum geology the aspects of its
research and discovery are discussed. Indirect (also called structural) prospecting is
of course mentioned, thus introducing the benefits of direct prospecting today
offered by electromagnetic exploration. The latter uses the electrical properties of
rocks and especially the conductivity, which is the best indicator of the facies and
lithology and consequently of the presence of hydrocarbons. A history of electro-
magnetic prospecting techniques is given for information, followed by a study of
the seabed logging market and its environmental impact.

Keywords Direct prospecting ¢ Electrical resistivity « Hydrocarbons ¢ Facies ¢
Lithology

1 Prologue

The seas and oceans represent nearly 70 % of the total surface of the earth, about
360 million square kilometers. An important part of the ocean floor is unsuitable for
harboring hydrocarbons. However, if we consider the areas likely to contain some,
i.e., sedimentary basins of the submerged continental shelf (30 million square
kilometers situated less than 500 m deep, the equivalent of the emerged lands)
and the associated slopes that border them, farther from the coast but still accessi-
ble, we roughly arrive at a number of 100 million square kilometers. This area could
contain, according to experts, at least 100 billion tons of oil and gas, the recoverable
amount of which is likely to rapidly evolve with advances in exploration tech-
niques. For the future, it is estimated that the oceans might contain 90 % of the
hydrocarbon reserves of the world.

Seabed logging, or SBL for short, is one of the very recent and innovative
techniques that can meet this expectation. Appearing commercially in the 2000s,
it probably is a technological breakthrough regarding the previous prospecting
techniques currently used, particularly the marine seismic method whose growth
over the past 20 years has been meteoric.

This is largely due to advances in technology (embedded computing for mea-
sures, supercomputer use for the interpretation of acquisition data) and to the

© Springer International Publishing Switzerland 2017 1
S. Sainson, Electromagnetic Seabed Logging, DOI 10.1007/978-3-319-45355-2_1



2 1 Introduction

expanding geological and especially petrophysical knowledge of the seabed that the
method has provided. However, fairly extensive studies had previously been
conducted in several areas of fundamental physical oceanography, marine geo-
physics in particular, without actually leading to industrial applications. It is only
very recently that these principles and methods, extended to geological mapping of
the ocean floor, have successfully turned into oil exploration at sea.

2 The Economic Environment

It is expected that overall energy consumption will significantly increase in the
coming years' to almost double by 2030, with probably a part of growing impor-
tance taken by nuclear energy2 (Bauquis 2001).

In 2014, the annual hydrocarbon consumption already accounted for over 65 %
of the total energy demand (14 Gtep, with 4.2 Gtep for oil and 2.9 Gtep for gas),
values likely to reverse in the future in favor of the latter. Offshore oil production
reaches more than a third of the world production® which was around 90 million
barrels per day in recent years.*

Fifty years ago the energy of one barrel of oil was necessary to extract 100 bar-
rels. Today, with the same amount you can only withdraw 20 barrels in Saudi
Arabia and five in the Athabasca oil sands.’

A key feature of the production of hydrocarbons is the considerable importance
of costs awarded to the research and discovery of new extraction fields whose
production is reduced over time (a few decades at most).°

With an unprecedented increase in demand for hydrocarbons (with the emer-
gence of countries such as China, India, Brazil, etc.) and the rarefaction of the

! According to forecasts by the IEA (International Energy Agency), the global demand for oil will
increase by an average rate of 1.2 million barrels per day (mb/d) through 2021 (IEA 2016), with
world demand growing from 94.4 mb/d (2015) to 101.6 mb/d (2021).

In the current state of knowledge, the scenario takes into account a growing demand for
electricity, an ecological imperative (reducing greenhouse gas emissions) and a significant decline
in oil resources. The nuclear electricity production currently accounts for just 5 % of the energy
consumed in the world.

3Probably more than a half by 2020.

“In 2011, the average price of a barrel of crude oil over the year was $US111. Today the production
of oils and shale gas (diffuse deposits) has completely changed the game in economic matters in
the energy mondial marketplace and in geophysical prospecting investments. After the consump-
tion of oil slowing down and in an overabundance market, oil has recently seen its price drop
below US$30 a barrel, well below its cost price. Worldwide, in 2015, the oil industry lost over a
third of its workforce. A number of analysts however already agree that this phenomenon is
transient and that the price of oil should in late for the future years return to a more realistic level of
around US$100 a barrel. Stay tuned. .. Last minute: the most recent OPEP agreements on the
reduction of oil production, mainly supported by Saudi Arabia, are expected to raise oil prices
significantly, or at least stabilize prices around sixty dollars for 2017.

5An operation that also requires a huge amount of water.
SMuch less with the current techniques of horizontal drilling.



2 The Economic Environment 3

resources (pick oil),” the exploitation of deep oceans (the Gulf of Guinea, Gulf of
Mexico, North Atlantic), and Arctic seas® (the Barents Sea, Sea of Okhotsk)
becomes profitable today with the probable opening of the Northwest Passage’
(melting ice).

However, the marine seismic prospection,'® which currently represents about
90 % of the overall budget of the offshore campaigns,'' has some limitations in
these particularly hostile and ecologically fragile areas.

The oil industry spends annually more than $10 billion on geophysical
prospecting'” (Saniére et al. 2010)—more than a half offshore, whose share will
probably grow in the coming years.'? Nevertheless, this development effort will
necessarily go hand in hand with a reduction in costs, and among—them, those of
the research drillings (named wildcat and which might cost $ 25-100 million in
deepwater). On average the latter reach two thirds of the exploration expenses and
especially deep offshore where they remain the principal expenses since a signif-
icant proportion of soundings (about two thirds) remain permanently dry and
therefore not redeemable.'*

To limit the number of failures, which are expensive in terms of resources, the
industrials seek above all to minimize the role of hazard in the exploration, trying to

"We should rather say oil pick.

8«Arctic oil and gas resources represent the next big chapter in offshore development. Yet, the
development of these resources remains challenging in terms of engineering, construction and
installation, and related logistics” (Kenny 2011). This is also evidenced by the recent exploration
agreement (September 6, 2011) between American companies Exxon Mobil and Russian Rosneft.
With this contract Russia seems to initiate a serious investment policy. The USGS estimated in
2008 that undiscovered conventional hydrocarbon reserves exceeded 90 billion barrels of oil, 1669
trillion cubic feet of natural gas, and 44 billion barrels of natural liquid gas (Bird et al. 2008).
“Shortages in the relatively short term of our energy resources today push nations that have the
means to discover new El Dorado mining (oil and gas). This is particularly the case in countries
bordering the Arctic Sea (the USA, Canada, Denmark, Norway and Russia), which recently
engaged in a “war” of ownership of the seabed with a very clear challenge to the territorial limits
of the international maritime domain (a 2001 request by Moscow to the United Nations to claim
the arctic seabed followed in 2007 by an exploratory mission with laying of flags on the seabed).
This first geographical stage with the opening of the Northwest Passage actually precedes a no less
important exploration phase itself, which will intensely begin in this decade. The Arctic Ocean
would contain, according to specialists, a quarter of the global oil reserves (on the Russian side, the
arctic subsoil would conceal hundred billion tons of oil equivalent).

'®Marine seismic acquisition represents a cost five times less than that of land acquisition, which
requires more important logistical and human resources. However, the boats’ immobilization is
more expensive especially in times of economic inactivity (standby).

"' A magnetic survey (related to volcanic activity) and/or gravimetric survey (linked to salt-bearing
diapiric activity) can complete the seismic campaign.

2Exploration with well/drilling activities and pipeline transport are the upstream sectors or
exploration/production sectors of oil activity (upstream or E & P petroleum sector).

30On September 25 and 28, 1945, the US President Harry Truman launched the real policy of
development of offshore deposits (Diolé 1951). A few years later (1949), in Azerbaijan, the Soviet
government under the leadership of Stalin started oil production in the Caspian Sea (Oil Rocks).
“For 5 years, more than 3000 wells per year on average have been drilled offshore, corresponding
to a turnover of over $40 billion.
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locate boreholes with the maximum chance'® and accuracy. Modern geophysics
must therefore meet these requirements and the constantly improved technics
should strive toward this goal.

To date, seabed logging has appeared to meet this dual challenge of reducing
costs and decreasing risks as well as the one, no less important, of preservation of
the environment, which, for deep areas where it is difficult to intervene,16 or for
sensitive areas such as those found in polar seas, will present more and more
hazards in the future.

3 Elements of Geology and Oil Prospecting

Geological and geophysical studies are the fundamental elements of a campaign of
prospection, more commonly known as exploration. This precedes the evaluation
phase of the field itself, which is technically well testing and reservoir engineering.

3.1 Exploration: Main Phases

Historically, in the beginning, the exploration of oil areas (Lees 1940; Robert 1959)
was based on collecting surface clues (shows) and on samples (cuttings) and carrots
(drilling cores) collected in the exploration wells (wildcats), without providing a
real discovery strategy.

Today, the search for a hydrocarbon reservoir is more complex and essentially
comprises three major phases of decision, which are chronologically:

— The choice of the region to explore
— The choice of the location of the exploration wells
— Wider monitoring of the research drilling

These stages of the exploration use specific, appropriate technologies, varied and
more or less interconnected with each other, which we usually roughly classify into
geological techniques (first phase), geophysical techniques (second phase) and
well-logging techniques (third phase), petrophysics then linking these different
disciplines.

This concept was first formalized in the 1940s (Gabriel 1945).
19Such as the accident at the Deepwater Horizon platform in 2010 in the Gulf of Mexico.
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3.2 Marine Geophysics: Preference Domain of the Seismics

Offshore the geological technics at the beginning of all studies'’ are necessarily
indirect since the geologist does not have access to rocks neither near (hammer
prospecting) nor in the distance (photographs) especially as the omnipresence of
unconsolidated marine sediments prevents visual inspection.

In these extremely hostile and unfavorable conditions for observation, the
engineer will have to rely solely on information taken from a distance using
particularly the indirect methods of applied geophysics. These have as a main
purpose the knowledge of invariants of the subsoil by the study at the surface of
the effects caused by deep geological structures.

Today, the geophysics now practiced are almost exclusively seismic and pri-
marily focus on methods of seismic reflection, which are quick to implement
because they are virtually automated and efficient in determining the shape and
structure of the underlying grounds.

But despite steady progress, the seismics that specifically inform on the relative
position of the plans of the strata may not provide sufficient information on the
horizontal evolution of the properties of the various geological strata, including the
changes in facies, characteristics equally as important for the discovery of hydro-
carbon deposits as the structural features where this technique excels. For this
reason, among others, the wildcat and especially the well-logging investigations
that follow are then indispensable (stratigraphic correlations).

Apart from its “pre-history,” which saw a proliferation of direct prospecting
methods that were still unsuccessful because they were generally based on false
concepts (physical or even metaphysical in some cases), geophysical prospecting,
since its birth in the 1920s, has been fundamentally based on the geological sciences
and especially on those that describe the structure of the subsoil, from which comes
its original name of structural geophysics, in intimate relation with the tectonics of
the sedimentary basins giving birth to the oil accumulation.

3.3 Acquisition Strategy for Geological Data

In this very particular context of applied research, technically it is then the geologist
who initiates the first geological studies and who alone should take, on a practical
level, the decisions:

To initiate geophysical surveys

— To interpret the results with the geophysicist
To execute and control the exploration drillings
To establish and interpret the logs

7Geological studies also follow all stages of the exploration process.
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These are the reservoir and oil field engineers who will later have to estimate the
reserves and establish an economically viable and profitable extraction and exploi-
tation plan.'®

Applied geophysics is then a powerful tool available to geologists and petroleum
engineers, which today represents one of the largest budget items behind drilling
and downhole logging.'? This is particularly true for investigations at sea where the
water depth is still currently one of the major obstacles to the acquisition, sensu
stricto, of data and geological information.””

If in fact, in its principles, marine geophysics is not fundamentally different from
terrestrial geophysics, seismic prospecting in ocean deeps however requires,
because of the thick blanket of water, the use of a large amount of energy”' not
always compatible with environmental issues and especially with marine life (see
Sect. 9.2).

Moreover, in the Arctic, for example, onshore and offshore seismic techniques,
both together, do not generally provide good quality operations, due in the first
instance to the presence of ice, which forms a barrier to the penetration of the
acoustic waves in the water, and due in the second instance to the streamers’ tearing
risks on drifting ice. Having the means for exploration completely or partly “at the
bottom” therefore seems a good alternative in these very inhospitable
environments.

3.4 Oil Fields: Brief Recollections

This section is not intended to replace a course or even less a treatise on oil. There
are many pertinent works, and readers will find some excellent ones to satisfy their
curiosity (Perrodon 1980; Chapman 1983; Abrikossov and Goutman 1986; Laudon
1996; Selley 1998; Bjorlykke 2010; Vining and Pickering 2010).*

"8This is called the evaluation phase, which allows through wells seismic and log data among
others to define the deposit in terms of its shape and its size. This is known as delineation of the
deposit.

"The downhole logs include instant logs (logging while drilling, or LWD) executed during
drilling with instrumentation located behind the drill bit, and well logs (delayed well logging),
performed after drilling with instrumented probes connected to the surface by an electric cable.
These measures correspond to microvolumetric investigations into the immediate surroundings of
the borehole.

20Sediment sounders, whether mechanical or acoustic, can also provide information within certain
limits.

2! A seismic source cannot be deeply submerged. Unless it is otherwise (with an implosive source),
it has to fight against the increasing hydrostatic pressure with the water level.

2201d treatises on petroleum geology available in university libraries (e.g., Levorsen 1954) are
interesting in their naturalistic and historical approach but instead should be read with great
caution regarding the interpretations of the geological phenomena including the geodynamics
presented there.
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Everyone knows that>*:

— The formation of oil results from a thermodynamic process transforming the
organic matter trapped in sediments, ranging in time, on more or less large
surfaces.

— Its trapping then arises from regional geodynamic processes, inserted into
contexts of global tectonics (at the globe scale).

All these phenomena then produce oil on a geological time scale whose unit is a
million years.**

3.4.1 Oil Formation

Oil is formed after a long maturation that needs special burial conditions (high
temperatures and pressures). They cause the original organic material, composed of
carbon (including plankton), concentrated in marine sediments located in shallow
basins (e.g., delta area), after subsidence, to turn very slowly into oil.”

The history of these organic sediments is then the history of the sedimentary
rocks.?® Today we know most of the laws by which the geological facies and their
characteristic tectonic forms determine the location of the deposits and the presence
of hydrocarbons.

34.2 Oil Traps

Essentially the oil that is exploited through wells looks like an essentially mobile
mineral fluid. The current position of its accumulation (reservoir rock) is not that of
its origin (source rock) and even less that of its formation (diagenesis).*’ This very
special place, or trap, which can also contain no hydrocarbons, mainly depends on:

— The structural characteristics of the reservoir rocks (sand, calcareous sandstone
or cracked dolomite, etc.)

— Their porosity and permeability resulting from the facies

— The shape, the height and the surface of the closure,” thus creating the trap

ZSee the main treatises on petroleum geology mentioned above.

2*It may be recalled that the earth is about 4.5 billion years old and that the oil deposits discovered
to date cover the period from —-500 My to —4000 y.

ZThis is the term used in practice by the oil industry instead of the word “petroleum.”

26The reader will find in the book La recherche pétroliere en France an excellent introduction to
the origins of o0il and a history of the evolution of ideas on the subject (Pelet 1994).

Z7All these physicochemical and biochemical processes lead marine sediments to turn into
sedimentary rocks. These transformations (compaction, déshydration, dissolution, cementation,
etc.) occur at shallow depths.

Z8Level surface through the vanishing point (the top point of the oil and gas filling).
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— The waterproof quality of the cover rocks®’ (clays, marls, evaporites, anhydrites,
gypsum, carbonates, etc.) forming the high closure
— The water pressure pushing up the oil, forming the low closure

Oil, a mainly migratory mineral, comes to accumulate at the high points of the
reservoir rocks and more precisely in the updip of the porous store layers.

We therefore understand the importance for the petroleum geologist of the
tectonics and structural knowledge of the basins, and more specifically the places,
tiny fractions of the subsoil (fault, anticline, salt dome, etc.) able to stop the
migration then to accumulate oil and keep it.

For the geophysicist the classification of the deposits thus schematically reduces
to a classification of the forms of the closures (high and low) and of the nature of the
reservoir rock (petrophysics).

Finally, given the existence of a geological probability for a particular trap or
reservoir to be present in the surveyed area, it is the geologist who objectively has to
increase or decrease the value of the conclusions of the geophysicist.

3.4.3 Deposit Topology

Hydrocarbon deposits, depending on their formation and some subsequent tectonic
movements, can take on different morphological aspects.

The most representative are structurally concomitant to the presence of an
obstacle or a geological barrier, which has local aspects of faults, pinches, salt
domes, discordances, end of lens, etc., and more specifically anticlinal folds for
deposits of a greater magnitude.’® We will thus speak of structural traps (80 % of
all the potential encountered traps) preferably localizable in depth.

Others less important are due to stratigraphic accidents located in geological
formations of large extent. This is the case, for example, of the presence of sand
channels, lenticular formations, and ancient coral reefs where the oil as it migrates
laterally finds itself blocked because of lithological discontinuities. We will

?Geological layer of impermeable rock (marl for example) or less permeable rock (dolomite) that
the rock store, located at its apex and whose shape prevents any upward movement of hydrocar-
bons (migration stop). The main qualities ensuring a good seal are the lithological composition, the
degree of homogeneity of the rock, the thickness and the formation distribution mode. The greatest
power of containment is provided in general by saliferous layers. Depending on their size, we can
distinguish the regional coverings governing petroliferous provinces, the zonal coverings filling up
several fields and local coverings in one field.

*Briefly, these traps usually come from ground movements related to the tectonics of the
sedimentary basins, which are themselves derived from geological phenomena on a larger scale
as well as orogeneses, which then cause at more or less large distances foldings, breaks, thrustings,
etc. A review in detail would require much discussion. For this reason we invite the reader to
consult some books about geodynamics.
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specifically speak of reef reservoirs or more generally stratigraphic traps,’" mostly
laterally localizable.

These traps can take different forms, which are relatively well specified and
described with seismic techniques. However they will be much less explicit with
electromagnetic methods used alone.

The convergence of all these natural phenomena (biogenic, thermodynamic and
finally geological):

presence of organic matter — sedimentation — diagenesis
catagenesis — geodynamic sequence
migration — trapping

is rare and unique. It is often only an epiphenomenon in the local geological history.
So many potential traps, when they exist, do not contain hydrocarbons.

For more details on this particular aspect of oil formation and accumulation, the
reader is invited to read or reread specific works on petroleum geology (Perrodon
1966, 1980; Bjorlykke 2010) (Figs. 1.1a, 1.1b).

3.4.4 Trap Detection: The Seismics

If the topology of the deposit (form of the geological horizons) is relatively easy to
identify and structurally describe by seismic reflection (with surface technics in
force), we can obtain additional information under certain favorable conditions of
acquisition, thanks to more modern methods of high resolution seismics, and of
seismostratigraphy.®” This information concerns in particular:

— The nature of the contact surfaces between layers such as those that concern the
bank and erosion surfaces

— The areas of passages and of stratigraphic transitions

— The limits and lithological discontinuities between benches

— The nature of the cover rocks

These various types of geophysical information can therefore specify, among
other things, according to their degree of precision, the geological conditions of the
formation of deposits (including the nature of the deposits) and therefore can be a
valuable support for decisions in completing the historical and tectonic data.

3'We can distinguish the primary stratigraphic traps contemporary to the sedimentation, from the
secondary stratigraphic traps posterior to it.

3The contribution of gravity and magnetic studies is also used in some favorable situations when
the traps are associated with volcanism (lava), for example.
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Fig. 1.1a Very simplified diagrams of petroleum traps formed (top to bottom) by an anticline, a
fault (structural trap) and a pinch (stratigraphic trap). The oil, in black, is generally “stuck”
between the gas (lighter) above and the deposit water (heavier) below. These fluids are immiscible;
the phases differ in the reservoir itself. These types of traps are covered with sedimentary layers
(not shown), often called “mort terrain” : “or overburden”, which often limit investigations by
geologists. In areas with the most complex tectonics, some other traps are added due to the
presence of salt domes (the Gulf Coast), diapirs or even those due to the presence of volcanism

Fig. 1.1b Photograph of an onshore anticline. In this case, the axis of the fold is substantially
vertical
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3.5 Physical Properties of Rocks and Hydrocarbons

Most physical properties of the oil are not clearly distinguishable from those of
water: density of the same order of magnitude, the same magnetic permeability,
almost the same elastic and radioactive properties, etc. Only the electrical conduc-
tivity, i.e., the ability to conduct an electrical current, frankly differentiates oil from
water. Very simply, one may say that oil is resistant while the deposit water is
conductive®® through the greater or lesser presence of dissolved salts.

But oil rocks do not contain just oil; they often contain water in significant
proportion so that it is difficult at first in a normal geological environment (onshore)
to distinguish them from aquifer rocks themselves.

If, onshore, this element does not allow us to properly approach the detecting
problem, offshore, the significant infiltration of seawater in depth, driven by the
hydrostatic pressure to the level of or beyond the deposits, allows us to approach
this point with this time much more hope. Indeed, the presence of this seawater,
highly conductive, immiscible to oil, then significantly increases the resistivity
contrast between the reservoir rock and the surrounding sedimentary series, there-
fore increasing the sensitivity to facies variations, detail which, as we have seen, is
important in oil exploration (cf. Fig. 1.2).

3.6 Indirect Prospecting: A Success in Oil Prospecting

As the geological information is most of the time inaccessible, there were therefore
early proposals for the use of devious means and especially physical means. This
led in the 1920s to the birth of applied geophysics or exploration geophysics,”* as
the principles of this commercial activity were already known. From this date there
were two more or less conflicting concepts: that of direct prospecting, which is
older and was abandoned very quickly, and that of indirect prospecting, which has
been used until today (see details below in the note history).

Indeed, except in special cases, the results of direct surveys carried out until the
1930s remained well below the expectations, due to the weakness of the phenomena

Freshwater in return is resistant.

3 Applied geophysics is a relatively young science. If we disregard the divining rod (hazel stick)
used by dowsers (Agricola 1556), we can trace the first concrete application of physics to the
magnetic detection of minerals in the early seventeenth century (Gilbert 1628). But it was probably
with the torsion balance (gravity) of the Hungarian scholar Eotvos (1898) and with the electrical
methods of the Electrical Ore Finding Company Ltd (1902) and then of the Frenchman Conrad
Schlumberger (1912) that geophysics entered the industrial era. In 1933, offshore exploration
began in the Gulf of Mexico (USA) some time after the investigations of Lake Maracaibo
(Venezuela) and of the Caspian Sea off Baku (Azerbaijan). At that time it was done to recognize
the extension of onshore fields. It was in 1947 that the first subsea well was actually put into
production (see note 13). A brief history can be reconstructed by consulting Appendix Al.1 and
specifically the following books: Allaud and Martin (1976), Anonyme (1983), Castel D du et al.
(1995), Collectif (1966), Iakanov (1957), Kertz and Glassmeier (1999), Sweet (1969), Virchow et
al. (1999), Walter et al. (1985) and Ward (1952).
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Fig. 1.2 Geological
schematic section of a
structural unit representing
an oil field. Section taken
from seismic data,
supplemented by downhole
information (mud logging,
cuttings, corings, etc.) and
by logging records: sonic
logs for setting the depth of
seismic sections, and
resistivity logs (at the top)
to determine the presence of
hydrocarbons and
correlations between wells.
Logging or electric log
giving the electrical
resistivity of the geological
horizons penetrated in the
borehole. Up to 2800 meter
depth this diagraphic
method was the only way to
deliver this crucial
information for the
detection of hydrocarbons
and localization of
oil-producing layers
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to be measured and the difficulty of distinguishing their useful part from all the
disturbances caused by irregularities in the constitution and the topology of the

subsoil.

However, hydrocarbon deposits are controlled by geological laws that explain
their accumulation by their immediate or more distant topological location. Under
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those laws of the probability of presence that define the existence of the deposits by
accurate knowledge of the elements that surround them, the indirect geophysics is
then attached not to detection of hydrocarbons as such but the traps likely to contain
them; this approach is described as structural or stratigraphic geophysics today.>” In
a such study of the geological environment, where the conditions of deposits are
used as the main source of information, only seismic reflection has so far achieved
these objectives but with a success rate of only 25 %.

I would like to remark that the relative regularity of sedimentary series par-
ticularly along the basin gives a good chance of success to the indirect approach.

In the history, we can say that two main schools of thought have animated the
philosophy of geophysical prospecting.

The first, or direct prospecting, which comes from magnetic surveys of the
nineteenth century, was undoubtedly that which took into account the action of
the mineral accumulation in the distance when it was strong enough to affect any
detection apparatus.

Due to the smallness of the phenomena to be observed (the target) and the
importance of disturbances related to irregularities in the constitution of the subsoil
(the geological environment), even in the topography, applied geophysics would
have vegetated if it had continued to move in this way even more because oil does
not have specific obvious characteristics.

Direct prospecting would have gradually been discredited if a second idea had
not come and revived it. Quite naturally, approaching the geology related to
deposits where significant progress had just been made (in the early twentieth
century) it was possible very early to redirect geophysics this time toward indirect
research.

Concentrations of minerals and hydrocarbons are governed by well established
geological laws that explain them by their environment and define them precisely in
their reception characteristics. It is no longer the product that is researched but
favorable conditions for its existence.

It was probably the Frenchman Conrad Schlumberger who was the inventor of
indirect research by running electrical prospecting in 1912 (already!) in the Iron
Basin of the Calvados (in France). This allowed at that time not only determination
of the direction of the layers’ stratification but also location on the ground, covered
with alluvium, of the passage of geological contact between the Calymene schists
and the Armorican sandstone (Schlumberger 1920a, b).

For oil exploration, this approach was confirmed for the first time by the Société
de prospection €lectrique teams (Schlumberger methods), by the discovery in 1923
of a salt dome in the Aricesti area, west of the Ploesti field (in Romania).

From that date, other investigative methods were successfully used, such as the
discovery in 1924 of several shallow diapirs in the Gulf Coast (USA) by seismic

3We then go back to the concept of the geologist who, from his observations on the ground
(surface), imagines, by his knowledge of the genesis of the deposits, the arrangement of the
different grounds of the subsoil.
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refraction (by the German company Seismos) and the Nash Salt Dome in Texas by
the Rycade Oil Company using the Eotvos balance, then in 1926 the discovery of
deep domes in Oklahoma, this time by seismic reflection (Karcher 1974). Maurice
Ewing in 1937 was the first person to apply the seismic refraction method at sea,
under the impulse of Richard Field and William Bowie, in a work to study the
structure of the Atlantic coastal plain (Ewing et al. 1940) (See also Appendix Al.1).

All these discoveries attached to different physical detection principles then put
into evidence the importance of “the architecture of the subsoil” directly resulting
from structural geology and therefore from tectonics,*® where the accumulation of
raw material is related among other things to the anomalies among the monotonous
layers of the sedimentary basins. But these features and geological accidents
(anticline, fault, salt dome, etc.), more commonly known as traps, do not necessar-
ily contain these precious materials (ores, oil). This explains why, despite favorable
geological structures, the rate of discovery has always remained very low.

Until now, only drilling has allowed us to confirm the existence of oil and/or gas
and downhole well logging to estimate the economic potential. A number of oil
companies are then prepared to limit these research campaigns, of a very high
cost, at sea particularly, especially when the indirect survey provides only a low
probability of discovery.

We can remark that only radioactive minerals (with emission of radiation) and
some magnetic rocks (iron ore) are directly accessible to measurement and those
with strong contrasts in physical properties with the enclosing environment (elec-
trical conductivity for sulfide masses, density for massive minerals), or even with
special effects with the immediate geological environment (spontaneous polariza-
tion). Apart from these exceptional cases, all other metal ores, copper, lead, etc., or
even oil, are intimately dispersed in the rock and so their intrinsic properties are
difficult to detect at a distance.

3.7 Direct Prospecting: A Marginal Technique Until Now

Minerals including oil are abnormal by the fact that they are strongly differentiated
from most of the surrounding rocks by one or more of their physical properties. The
latter by their action at a distance can be utilized for detection using specific
instrumentation. This is the case, for example for magnetite (magnetic suscepti-
bility and permeability), sulfur masses (electric conductivity), graphite (density),
etc., which can be detected by singular fields of force or by their induced effect
when interacting with their immediate environment (polarization). In the metal
mining domain, in metallogenic and gitological known contexts, which are very
often complex (metamorphism), this direct prospecting, often the only method
possible, can be used successfully.

A greater ambition of indirect exploration, but more difficult to satisfy, is to date the marker
horizons allowing establishment of a certain chronology.
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The idea of using the electrical characteristics of the hydrocarbon reservoir and
more particularly its electrical resistivity is not new. US researchers in the 1930s
had already realized oil prospecting campaigns by electrical methods in Kentucky,
in the Legrand Basin. At that date, the authors had reached or invested a depth of
224 m, but given the sharpness of the results they could have been expected to reach
a priori very much greater depths (Lee and Schwarz 1932).

A few years later, other engineers specified that the electrical method for the
detection of oil sands was all the more effective when the width of the deposit
exceeded several times the burial depth (Cercher and Dermont 1935).

Finally, to strengthen and quantify these results in promising fields, the calcu-
lation of charts of interpretation and experiments on scale models were proposed
and carried out mainly in the Soviet Union. At this time, we have already pointed
out the need to intervene in the interpretative model of external data (Gorbenko
1936) (cf. Fig. 1.3):

To find the cause of the rise in resistivity, we must know a number of circumstances and in
particular the geological structure and the nature of the rocks of the studied district; this
information is important especially here. .."’

Shortly afterward, in the years 1940-1950, and more specifically across the
Atlantic, electromagnetic prospecting techniques were invented,”® using high fre-
quencies (radio waves). More or less scientifically supported (a significant skin
effect), these methods had mitigated success (Fig. 1.3).

But it is probably in the decade that followed that the most founded and most
promising hopes for the direct detection of hydrocarbons were noticeable with the
shy but certain breakthrough of the magnetotelluric method (MT), a supplement of
the seismic method. These expectations were based on the idea that on (already)
recognized traps, the substitution of the brine by oil causes a significant variation in
the conductance of the reservoir, thus introducing an even greater anomaly when
the relative saturation in hydrocarbons, the porosity and the reservoir closing are
great.

3 Translated from Russian. . .

3This is for example the case of the Barret Company Inc., which suggested in the 1950s a
radioelectrical method (the Radoil method), working in the band of 100 kHz to 500 kHz (Barret
1947, 1949). This controlled source terrestrial technique enabled, by measuring the intensity of the
reflected waves in the subsoil, detection of the presence or absence of anomalies of conductivity in
depth and thus marked the difference between the salt water, the hydrocarbons and the rock. Use of
radio waves more directive indeed than those related to low frequency (and continuous) currents
could then make apparent some accurate phenomena of reflection/refraction as observed in seismic
prospection (Melton 1933). But it did not take into account the low penetration of energy related to
the high frequency used, and the theoretical difficulty, if any (a very important skin effect), which
was bypassed straightforwardly by the developers of the method by announcing the existence of
selective absorption zones in certain frequency bands (unproven) then favouring penetration at
great depth. Furthermore, to overcome significant dissipative effects due to the ground surface, this
company devised a transmitter able to generate a surface wave, which, while flowing over it, could
chip, thereby forming a number of secondary sources up to the receivers causing a cumulative
effect on receiving. Another interesting case was that of the Sorge Company, whose approach at
low and very low frequencies was somewhat different and more plausible in its conceptual
approach (Calvaresi, 1954, 1957).
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Fig. 1.3 Series of profiles of resistivity p over an oil layer (HC) for different lengths of line
(AB) varying from 100 to 1200 m, defining the depth of investigation. (According to Gorbenko
(1936))

At that time, Professor Louis Cagniard pointed out in his famous article on the
magnetotelluric survey (Cagniard 1953a, b):

If it is a preference domain where electrical survey should have done the most important
services, it is certainly in the study of large sedimentary basins, i.e., in research of oil. ..

Ahead of the very rapid advances in seismic reflection, with its easy use and its
meaningful results, accompanied (which is not an insignificant fact) by fierce
protectionism in the USA, where most American exploration companies were
operating, the MT method remained at an almost experimental stage.

3.8 Geology and Geophysics: Two Indissociable Sciences
at Sea

Except where oil crops out,*” oil exploration has always relied on solid geological
knowledge (genesis, history and structure of deposits, etc.), allowing, through

*The surface signs were at the base of the first oil onshore discoveries in the mid-nineteenth
century (Titusville, Bakou, Grozny, Mossoul, Pechelbron). Today, oil companies try to develop
observation submarine devices (ROVs, AUVs equipped with thermal cameras) for physical signs
(gas bubbles or droplets of oil escaping from the sediments). What did we know in 1900 about the
nature of underwater rocks? Virtually nothing. The engineers had a good idea about the variations
in the oceanic relief thanks to the works of laying trans-Atlantic telegraph cables (in the nineteenth
century), but had no more information because of the absence of effective means of investigation
of the soil and even less sea subsoil exploration at great depth (Delesse 1872; Murray and Renard
1891; Renaud 1902; Termier 1951; Whittar et Bradshaw 1965).
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natural laws of occurrence and in particular tectonic and structural laws (Billings
1959), establishment of probabilities then predictions on the presence or absence of
hydrocarbons (Suter 1948).

Since the early twentieth century, geological studies have been systematically
completed by geophysical studies using the laws of physics, considerably increas-
ing the certainty of the degree of discovery.

Drilling is then the means of confirming (or not) the presence of oil; instanta-
neous and/or delayed drilling logs with well testing evaluate the nature and eco-
nomic potential of the discovered deposit.

The offshore exploration like that practiced on land is still largely dominated by
seismic methods (over 90 % of total exploration activity) where they can be used on
larger areas, then compensating for the lack of geological information caused by
difficult underwater access for the field geologist.

Furthermore, geology and petroleum geophysics made a big step forward a few
years ago, when it was discovered that:

— Deposits with high potential could exist in the deep zones of the continental
slopes under over 1000 m of water (in the Gulfs of Mexico and Guinea).

— Seawater generally could largely penetrate very permeable marine sediments
several hundred meters deep, making them widely conductors of electricity.

This has the immediate consequence that the locally trapped oil can be distin-
guished by its resistivity, which is higher than that of the surrounding marine
sediments gorged with conductive seawater (Fig. 1.4).*°

I would like to remark that unlike methods of natural field measuring (magnetic
and gravimetric fields) depending on a single variable (depth z), the electrical
methods on two horizontal variables (x, z) and especially seismic and electro-
magnetic methods have the ability to measure the lateral dimensions (x, y, z). This
particularity is partly due to the dynamic nature of the auscultation where the
distribution of the artificial fields through the different grounds is after all the result
of measurements made at the relative positions of the transmitters and receivers.

4 Electrical Resistivity and Geology

Outside the logs domain (measurements during or after drilling), the electrical
resistivity has been a very little used physical parameter in the world of surface
oil exploration. Yet this property of the rocks is one of their most interesting and
representative features in many aspects.

“OThe resistivity contrast between the reservoir and the marine sediments is more important than
the contrast of acoustic impedances encountered in seismic exploration.
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Fig. 1.4 Seismic reflection 2D section (time/depth) after treatment, highlighting the geological
folded structure of the subsoil (anticline). Seismic acquisition alone does not allow us to exactly
stall the model in depth. It is necessary to know the propagation velocities in the different
sedimentary strata to make a sonic log, which can only take place in a well. The seismic profile
can only detect traps without providing evidence of the presence of hydrocarbons (?)

4.1 Lithology Index and Facies Index: Old and New Reality

Of all the physical rock properties (density, elasticity, etc.) the electrical resistivity
is the one that has the greatest variability (Telford et al. 1978), but until now it has
only been used in boreholes (in situ measurement) under vertical investigation only.
The SBL therefore offers today by its three-dimensional character a new dimension,
that of lateral extension.

The electrical resistivity, as has been demonstrated by the extensive use of its
measurement (log)*' during the last half century, is one of the fundamental and
essential characteristics*® of petroleum geology delivering vital information on:

“'Very briefly, the electric logs allow understanding of a very precise diagnosis of permeable
layers. In particular, we can derive information on:

— The value of the porosity

— The water saturation

— The oil saturation

— The amount of oil displaced by water pressure (water drive)

— The precise thicknesses of the producing layers

— The contact of water/oil and often gas/oil

42«Resistivity is important because oil is insulating and water is conductive, so there is something
natural, deep: it is truly the measure which is needed to identify the oil.” Jean-Pierre Causse
(Dorozynski and Oristaglio 2007).
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— The lithology, i.e., the nature of the rocks
— The facies, i.e., their appearance and disposition

In addition, the porous and permeable formations that form the sedimentary
sequences that may contain hydrocarbons may have resistivities that vary over a
large domain according to their content in more or less mineralized fluid. For
example, a rock as sand moistened with saline water has low resistivity, while
limestone impregnated with oil or gas or even freshwater will increase its resistivity
in a very important way.

4.2 Index of Hydrocarbon Presence: A New Concept

Electrical resistivity was so far the only reliable petrophysical characteristic
indicative of the presence of hydrocarbons in the subsoil. This unique and suffi-
ciently sensitive property was demonstrated by drilling in the 1930s (Schlumberger
1927) and its measure according to the well depth is today one of the main activities
of the world para-oil industry.

It is then not absurd to think at first that an “equivalent” but this time noninvasive
device (without the need to drill), located at the surface or more precisely on the
bottom of the sea, delivering such a parameter, may advantageously be used as an
index of the presence of hydrocarbons.

5 Seabed Logging: Its Place in Modern Qil Exploration

In general we consider a prospecting campaign under two distinct aspects. The first
one consists of recognizing the shapes of the grounds; it is the structuralist aspect of
the problem solved in particular by the seismic methods. The second one is the
determination of the identified structure at each point, of the properties of the
sedimentary strata (porosity and permeability in this case) defined by the facies and
determined by downhole logs. EM seabed logging can therefore fit naturally between
these two fundamental aspects of exploration and change the approach of it.

In summary, offshore oil exploration can therefore be defined in several major
phases: the strategic, tactical and evaluation phases.
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5.1 Strategic Phase: The Seismics (Structure)

Seismic reflection can be part of the strategic phase of exploration.*’ It aims to
identify favorable structures, selected in a probable geological context (e.g., ancient
deltas), i.e., those corresponding to potential traps at a large scale. It thus succeeds
the preliminary geological studies that have defined the prospect zonation (Sheriff
and Geldart 1983).

5.2 Tactical Phase: Seabed Logging (the Presence Index)

Seabed logging however takes place rather in the tactical phase, i.e., the one that at
a smaller scale detects the reservoir, or more specifically the one that specifies the
presence or absence of hydrocarbons in the trap. This approach, which follows the
strategic phase (trap limitation), increases significantly the rate of discovery, and of
course has as an economic corollary reduction of the risk of dry drilling, then
reducing costs on drilling recognition programs and well measures.

5.3 Evaluation Phase: Well Logging (Facies)

Indications of seismics, the option of SBL, depth geology (mud logging, cuttings,
corings, measurements while drilling, etc.), whose activity takes place during the
drilling, then provide the information necessary for the first petrographic, strati-
graphic and geological interpretations.

In the case of positive results in these investigations, the well is then logged
(delayed logs). The results of these measurements (log)44 specify among other
things the details of the petrophysical characteristics of the rocks, namely—most
importantly—their porosity, permeability and saturation in hydrocarbons (Serra
2000).

When several wildcats have been drilled in the same geographical area (a basin
in this case), correlations between wells are established. They are then used to
locate more or less precisely the discordances (facies) and geological discon-
tinuities (structures) that are very useful for identifying potentially oil-rich areas.

Apart from some exceptions, SBL cannot, in the current state of knowledge,
substitute for seismic and well log campaigns, especially as the electromagnetic
interpretation methods, especially using inversion methods inherent to this new
technique of investigation, require the input of seismic data (Fig. 1.5).

“*Magnetic studies (in the volcanic context) and especially gravimetric studies (in the context of
saliferous tectonics) may also be in keeping with this phase.

“Recording of the measurements of physical properties of rocks in relation to depth.
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Fig. 1.5 Simplified decisional synoptic for an offshore geophysical exploration campaign with
and without an SBL program. The SBL application allows the economy of a drilling program—by
far the most expensive and risky component of the exploration

6 Historical Landmarks in EM Seabed Logging

Among all the applications of electricity, one of the most curious is probably that
relating to the exploration of the subsoil. This is, strictly speaking, the first “arti-
ficial field” technique that was developed for the detection of mineral wealth and
especially ore bodies.*’

Aside from their great extension in the well-logging domain,*® electrical tech-
niques, more generally the electromagnetic one, remained, despite a promising start

“>We owe this original technique to the Frenchman Conrad Schlumberger, who applied it as far
back as 1912 (Schlumberger 1920a, b). Magnetic prospection is the oldest of all the geophysical
methods applied with discernment. However it only affects magnetic and ferromagnetic materials.
In 1640, the Swedes tried to find iron mines with compasses. But it was only after 1870 (Brocke in
1873 in the USA and Thalen in 1876 in Sweden) that we clearly realized the disruptive effect of
magnetic masses in the earth’s magnetic field.

“SIn 1927, Conrad Schlumberger expanded his surface concept to the well by the electrical logging
technique known today more commonly as logs (Schlumberger 1927).
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in the 1920s, relatively marginal in oil exploration and mostly confined to structural
geophysics until the recent advent of EM seabed logging.

Historically, the SBL takes its distant origins in the early electrical submarine
and lacustrine soundings conducted in 1930 by Schlumberger school teams (SPE
and CGG)."

It was much later in the 1970s in real investigations at sea, for the purpose of
deep oceanic crust exploration under the major programs of earth physics, that
efficient equipment (electrometers and vectorial magnetometers) were developed
and validated.

It was only very recently in the 2000s that the technique was used for commer-
cial purposes of oil research. As in many complex techniques, we can say that it is
the convergence of different subjects coupled with complementary technologies
that have enabled the success of the method*® (Ridyard 2006).

6.1 Terminology

Seabed logging includes geophysical techniques of representation and imagery of
the seabed subsoil obtained by electromagnetic methods (EM) in the broad sense
(see Fig. 1.6).

So we can include here the sounding techniques of:

— Continuous or pulsed current, the first to be used and still in effect: marine direct
current sounding (or mDC)

— Source controlled AC: marine controlled source electromagnetic sounding
(or mCSEM)

— Natural, telluric and/or magnetic source: marine magnetotelluric sounding
(or mMT)

To these may be added more marginal techniques such as the ones concerning
spontaneous potential measurements: marine spontaneous polarization (mSP) or
marine differential magnetic sounding (mDM).

Today, these new EM methods are reported in the technical press as revolution-
ary because they allow, according to their developers, direct detection of oil or at
least give a relatively reliable index of its presence.

TSociété de Prospection Electrique, Procédés Schlumberger and Compagnie Générale de
Géophysique.

“80ne could compare the beginnings of seabed logging to the birth of wireless telegraphy where
Marconi had the intuition to bring together into a single concept Maxwell’s (theory) and Hertz’s
discoveries (experience), and Popov’s (the antenna), Ruhmkorff’s (power transmitter) and
Branly’s inventions (detector: coheror), to make a remarkable communication tool with the
commercial success that everyone knows.
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6.2 The Precursors: Electrical Prospecting by the French
School

With its experience since the 1920s, it seems that it was a French team from the
Société de Prospection Electrique (SPE) who in October 1926 performed the first
electric marine sounding on Prien Lake in Louisiana (Baron and Breusse 1926).
This first lacustrine experiment, derived from terrestrial processes® (pulsed DC
electrical profiling) and whose device was placed at the water surface (floating
electrodes), driven by a small boat, allowed establishment of the practical feasibility
of the method (Fig. 1.7).°

These encouraging results brought, a few years later, in Gabon, as the river
system is there more convenient to browse than the rainforest, those same engineers
to repeat the experience between Pointe Noire (Congo) and Fernand Vaz (Gabon),
this time for hydrocarbon exploration (Fig. 1.8), then a few months later, in the
Caspian Sea, to study the extension of the Bibi Eibat’' (Azerbaijan) deposit for the
location of a resistant limestone bench.

But it was really with the missions in the harbor of Algiers, at first in the summer
of 1932, conducted by the CGG engineers Jabiol and Donner, and the year after by
the engineers Bazerque and Leleu, whose aim was to establish the thickness of
marine sediments at a variable depth, that the method was improved, consolidated
and finally validated with a device located at the bottom of the harbor (Renaud
1933) (Fig. 1.9). With such an arrangement, more stable and reliable, it was then
possible to avoid the inductive effects caused by the deformation of the measuring

“‘The idea of using the electrical properties of (nonmagnetic) metallic minerals dates from the
nineteenth century (Fox 1830). From that time, researchers have suggested studying the distribu-
tion of the electromagnetic fields using high frequency devices (Leimbach and Lowy 1910), low
frequency processes (Daft and William 1902) or measurements from DC injection with electrodes
planted in the ground (Brown 1903; Mc Clatchey 1900). The first serious investigations began
before the First World War (Schlumberger 1912; Wenner 1914) to take, from the 1920s, an
economic boom with the creation of societies exclusively devoted to this particular technique of
direct prospection (Hedstrom 1930). Only the use of direct current (or pulses) was recommended
and able to quickly force itself until today. On land, it has the main advantage of virtually
controlling the depth of investigation and theoretically increasing it to infinity (never achieved
in practice), but has the main drawback of integrating an excessive volume of land, which does not
allow any lateral resolution. This therefore confines the DC method only to an investigation in
depth of horizontal geological strata in an often limited number (three or four maximum), and
applicable only in some domains of subsurface applied geophysics. “It’s certainly by electrical
methods that have been obtained, 40 years ago, the first indisputable successes of geophysical
prospecting” (Cagniard 1953a, b).

OInteresting results had already been obtained in several surveys in marshy ground and in the
bayous of Louisiana, where the electrodes were then planted in the ground.

5! Also written as “Bibi Heybat”—the first oil field reclaimed from the sea south of the Bay of Baku
whose remains today show disrepair where pipes and wells are leaking from everywhere.




6 Historical Landmarks in EM Seabed Logging 25

Fig. 1.7 Photograph of the mission (measurement by potentiometer) and execution scheme
designed at the time (1926) by the engineers Baron and Breusse from the SPE for the execution
of the first marine electrical marine (lacustrine) sounding on Prien Lake, Louisiana (According to
Baron and Breusse (1926))

system (due to movement of water) in the earth’s magnetic field (Schlumberger and
Leonardon 1934). These investigations remained there until the end of World War
II, laying then the theoretical and practical bases without giving rise to real
enthusiasm (Fig. 1.9).

During the years 1950-1960, with the appearance of the terrestrial surface
methods (electrotelluric and magnetotelluric methods mainly developed in France
and the Soviet Union), some researchers took under consideration the possibility of
conducting electromagnetic soundings in deep water (Cagniard 1953a, b) with also
the possibility to use artificial sources (Cagniard and Morat 1966).

At this time we can note some patents related to electromagnetic methods
of offshore exploration (Thomson 1950; De White 1958; Postma 1962)
and already some experiments conducted in the Caspian Sea (Sarkisov and
Andreyev 1962).
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Fig. 1.8 Photograph and execution scheme of the mission in Gabon in 1933 (According to
Schlumberger and Leonardon (1934))

6.3 The Continuers: Researchers and Earth Physics

The first experimental marine investigations date from 1950 to 1960°% and were
mostly concentrated in the USSR. They were intended, for example, to:

— Determine the deep layers of the globe where the difficulty at the time, for the
Soviet scientists, was to send high intensities of direct current in the ground

52 At that time there was also initiation of the first experiments of underwater detection, of study of
the seaboard effect, etc., where specific and confidential materials (magnetic variometers) were
developed (Mosnier 1986).
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Fig. 1.9 Photograph and execution scheme of the evaluation device used for the second Algiers
mission led by the CGG (1933). The measures were effected for the first time in depth with a
device towed and placed on the bottom, made of a flute with several electrodes, thereby
establishing the first commercial underwater sounding. To avoid the effects of electrode polari-
zation due to salt water (electrolytes), these different investigations were already using pulsed
currents requiring a suitable induction corrector. The measurement was done with a potentiometer
equipped with a double inverter (measurement/injection) or with a telephone. The interpretation
was conducted using abacuses, specially calculated taking into account the system architecture and
its shallow submersion (According to Renaud (1933))
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(on land), which forced them to practice that in an aquatic medium®® (Krajev
et al. 1948)

— Extend the land variational methods to the maritime domain as the
magnetotelluric method (Cagniard and Morat 1966)

Measurements of telluric currents at sea are old and began in the late nineteenth
century. They had as aims, for example, the study of the movements of major ocean
water masses (tides, ocean currents, etc.). It was only from the 1930s and more
specifically in the years 1950—1960 that some investigations were conducted with a
geological purpose:

— 1936: the first recordings of telluric currents at sea (Nitronov 1936)

— 1952: the study of sea electromagnetism (Le Grand et al. 1952.)

— 1957: measurement of electrical currents in Lake Baikal (Iakanov 1957;
Vinogradov 1957) and examination of the nature of telluric currents on the
ocean floor (Ryshkov 1957)

— 1959: large scale mapping of oceanic current circulation (Parkinson 1959)

— 1960: submarine equipment for the study of telluric currents (Bogdanov and
Ivanov 1960)

— 1961: studies of the variations of the telluric fields associated with the oscilla-
tions of the earth’s magnetic field (Fonarev 1961) and effects of the induced
currents on sea water in Hel (Kolovski 1961)

— 1962: comparison of telluric currents at sea and on land (Hessler 1962) and
quantitative study of the edge of sea effect in the Sea of Azov (Popov 1962;
Mosnier 1967)

— 1963: study of the vertical component of the electric field for Lake Baikal
(Foranev 1963), calculations of the induced electric currents in the sea (Ivanov
and Kostomarov 1963) and study of telluric currents in the Arctic Ocean
(Novysh and Fonarev 1963)

— 1964: distribution of electromagnetic variations depending on the depth
(Fonarev 1964), examination of the consistent fluctuations between telluric
and magnetic fields at sea (Cox et al. 1964) and telluric experiments in the
Puerto Rico Trench using the bathyscaphe Archimeéde (Launay et al. 1964)

— 1965: telluric experiments in the Hellenic Trench with the search for Schumann
resonance (Launay et al. 1965).

In the years 1970-1980, following the discovery of plate tectonics (Hess 1962;
Wine and Matthews 1963; Le Pichon 1968; Hallam 1976), the international scien-
tific community pretty quickly took an interest in the nature of the oceanic

33The system used then was relatively sophisticated: current sendings every 15, 30 and 60 s by a
fixed dipole and acquisition when the steady state was established on a mobile dipole. The
measures of the current at emission and the voltage at receiving were connected by a
radioelectrical telemetry device taking account of the speed of relative movement of the two
dipoles and of their spacing. We can say that these early experiences prefigured the current
methods (reverse SBL).



6 Historical Landmarks in EM Seabed Logging 29
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lithosphere in order to conceptualize dynamic models of the globe (Jones 1999;
Juteau et al. 2008). It was at this time that the first magnetic soundings (Filloux et al.
1987) and then electromagnetics with a natural source (ELF)°* (marine
magnetotelluric or mMT) or an artificial source (VLF)5 > were experienced for the
purposes of scientific research (Mott and Biggs 1963; Coggon and Motrrison 1970;
Cox et al. 1964, 1973; Vacquier 1972; Filloux 1973; Larsen 1975; Vanyan et al.
1978; Parkinson 1983; Geyer et al. 1983; Ferguson 1988).56

The electric conductivity determined by all these authors varied from 10~ to
1 mho.m ™!, much lower than that found onshore (Palshin 1996; Virchow et al.
1999).

To supplement the lack of power of the natural sources (cf. Fig. 1.10), and
to increase the accuracy, the use of artificial or controlled sources was then
indispensable (Lawrence 1967).

It was probably during the RISE project (a campaign in the eastern Pacific in
1979) that the mCSEM method was born (Spiess et al. 1980). We then had a real
system consisting of an 800 m length horizontal towed antenna (HED)’” injecting a
current at frequencies from 0.25 Hz to 2.25 Hz and with three field sensors. The
results (cf. Fig. 1.11), supplementing the mMT previous works (cf. Fig. 1.12), show
conductivities of the crust of about 0.004 S.m~! (1 Hz).

From that time, various techniques were proposed and systematically integrated
into international research programs (Chave et al. 1981; Chave and Cox 1982;
Edwards et al. 1981, 1985; Nobes et al. 1986), with the MOSES method
(an acronym for magnetometric offshore electrical sounding) for investigations at

S4Extremely low frequency (see Chap. 4 Sect. 3).
3Very low frequency. Frequency band used in the submarine telecommunications.

56The reader will find a comprehensive history of modern development of the methods in the
article by Professors Constable and Snrka on mCSEM (Constable and Snrka 2007).

57 A horizontal electromagnetic dipole.


http://dx.doi.org/10.1007/978-3-319-45355-2_4
http://dx.doi.org/10.1007/978-3-319-45355-2_4
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lower water depths (cf. Fig. 1.13). These operations were carried out at low
frequency (0.125 Hz) with a vertical transmission or VED (a galvanic source
with little or no inductive effect) thus allowing use, to calculate the apparent
resistivity, of propagation models with continuous current (a quasistatic approxi-
mation where the skin effect is neglected).

It was then in the years 1980-1990 that more convenient and efficient mEM
devices were developed for the study of the midocean ridges (Cox et al. 1986;
Filloux et al. 1989; Chave et al. 1991; Evans et al. 1994; Yungul 1996; MacGregor
et al. 1998, 2001). This specific material (equipment) was developed in England,
during this time, at Cambridge University at the instigation of Professor Martin
Sinha, forming, so to speak, the first full mCSEM device. Then was joined to
detection equipment based on the system of the Scripps Institute of Oceanography,
a mobile and submerged transmitter antenna that can be towed (Sinha et al. 1990).

Alongside these studies some researchers proposed advanced ideas on new methods
and magnetic exploration with the marine magnetometric resistivity method (mMR)
for knowledge of the conductivity of the seafloor or the location of large terrestrial
faults, such as Professor Nigel Edwards’s group from Toronto University (cf. Fig. 1.14)
and Professor Jean Mosnier’s team from the Ecole Normale Supérieure de Paris.

To simplify the chronological understanding, a more comprehensive recent
history is associated with each chapter. For a complete synthesis on the progress
of the various stages of the implementation of the concepts, principles, techniques
and instruments, the reader can refer to excellent articles by Professors Alan Chave,
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Fig. 1.12 Comparison of electrical conductivity measurements of the earth’s and oceanic litho-
sphere (MT and mMT methods), depending on the depth, performed by different authors: on land
(solid curves) and offshore (dotted curves) (According to Parkinson (1983))

Steven Constable, Leonard J. Srnka and Nigel Edwards (Chave et al. 1987;
Edwards 2005; Constable and Srnka 2007; Chave 2009; Constable 2010, 2013;
Key 2011) and the book by Professors Alan Chave and Alan Jones specifically
devoted to the mMT method (Chave and Jones 2012).

I would like to remark that in the ocean, measurements of the electrical conduc-
tivity of the mantle were conducted mainly in the 1960s by researchers such as
Price, Ashour, Zhigalov, Mason, Schmuker, Parkinson and Rikitake (Gaskell et al.
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Fig. 1.13 Diagram illustrating the principle of the MOSES method developed in the 1980s for the
study of the oceanic crust. The current injection line, symbolized by the electrodes E; and E,, is
vertical (VED), and the receivers at right placed on the bottom are magnetometers (M) allowing
the measurement of the two horizontal components of the magnetic field (According to Chave
et al. (1991))
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Fig. 1.14 Block diagram of magnetic surveys with an artificial magnetic source (dipole) and a
vectorial magnetometer with two horizontal flux gates. The apparent resistivity is calculated from
measurements of the transverse components of the magnetic field (According to Cheesmann et al.
(1987, 1990, 1991). A rigth a 3 receptors with transmitter submersible magnetic sounding device.
According to Edwards (2005))

1967). Due to the very low penetration of the electromagnetic waves (the skin
effect), the studies to date were done with the only available data, i.e., those of the
transient magnetic field variations, associated with the movement of telluric cur-
rents in depth. From the record of several years of fluctuations of this field, the
discrimination of the parts with an internal and external origin, the analysis of
the relations between them and the comparison with more or less sophisticated
mathematical models (Coulomb et al. 1976), it was then possible to establish some
values of the mantle conductivity ranging from 0.1 to 1 S.m™"'. This high conduc-
tivity value, mainly located in the upper part of the asthenosphere, would be
explained by the significant presence of liquid (molten) carbonates directly related
to volcanic activity (Gaillard et al. 2008).
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Fig. 1.15 Detail of the patent application filed by Exxon for the detection of hydrocarbons at sea
(According to Srnka (1983))

6.4 The Innovators: Offshore Oil Prospecting

From this basic research, it was only a step for the oil industry to expeditiously
implement practical applications. Before the innovators, since the 1950s, and more
specifically in the mid-1980s when the industry began to get interested in mCSEM, a
number of applied geophysicists and technologists (inventors) proposed a lot of
solutions to directly map the oil contained in the reservoir structures. One can count
more than 200 patents for seabed logging techniques at large. Not all are scientifically
substantiated. Thus began a patent battle, as this book partly shows in this brief history.

It is probably to Professors Peter Bannister from the US Navy (Bannister 1968)
and Charles Cox with Steven Constable from the Scripps Institution of Oceanog-
raphy’® in San Diego that we owe the first conclusive tests (Cox 1981; Fischer
2005; Constable 2010).%° Some researchers (Hoehn and Warner 1983; Bahr 1988)
and oil companies like Exxon/Mobil had previously made a few attempts without
reaching commercially successful results (Srnka 1983, 1986) (Fig. 1.15).

On the industrial side, it is ultimately the Norwegian company Statoil that
initiated in 1997 in Trondheim the first targeted studies conducted by Doctors
Svein Ellingsrud and Terje Eidesmo, considered today as the pioneers of this
industry (Eidesmo et al. 2002). For this major step forward these two researchers
received in 2007 the very prestigious Virgil Kauffman Gold Medal delivered by the
SEG. These studies have been completed by some laboratory experiments in
Rotvoll (Norway) and a first demonstration of real size in 2000 in the Gulf of
Guinea off the coast of Angola (West Africa), on the Girassol offshore field
(1500 m depth) operated by the company Total/Fina/Elf (Total today).

38The world’s largest Marine Research Institute involving several university laboratories, private
and military (US Navy).

59The reader will find in this last article a comprehensive summary of this epic and a very concise
summary of the SBL technique, especially applying to the uninitiated.
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Meanwhile other teams, coming from the academic environment, such as the one
of Professor Lucy MacGregor, University of Southampton,®” were already engaged
in more basic research, and more recently Professor Anton Ziolkowski’s team, from
the University of Edinburgh, positioned themselves very quickly in this innovation
by offering a service adapted to oil and gas offshore.

Today, as in all sciences requiring large financial resources and heavy invest-
ments, these researchers, as shown by the many collective publications, join in
common operations of cofinanced demonstrations.

6.5 The Inventors: Seabed Electrometry

Without dating back indefinitely, with among others Faraday’s experiments on the
river Thames,®' the seabed electrometric measures, in the broad sense, began during
the first half of the twentieth century: first from 1920 (Young et al. 1920) in the
context of a dynamic study of the oceans (marine currents, tides, etc.) and then more
partially and confidentially within detection activities and underwater discretion with
the worldwide magnification of nuclear submarine fleets in particular (Cold War).

The first experiments, as well as those relating to prospecting itself (see Sect.
6.2), did not require elaborate electronic equipment (a potentiometric method).
However, the investigations that were then conducted to deepen knowledge of the
nature of the deep layers of the oceanic crust (research in global geodynamics) thus
necessitated much more efficient equipment.

It was therefore in the early 1970s, with the advent of electronics (transistors and
then integrated amplifiers) that such investigations could be carried out (Filloux
1977; Cox 1981). The first electrometers were developed by the Scripps Institution
of Oceanography (Cox et al. 1971, 1973, 1978; Filloux 1973). However, these
devices, to deal with the electronic noise inherent to the technology of the moment
and with instrumental drift, needed to be supplemented to counter these negative
effects by more or less effective electromechanical systems (cf. Fig. 1.16a).

It was only in the years 1980-1990° that it became possible with the advent of
low noise electronic components, and more specifically thanks to instrumentation
amplifiers, to measure below the background noise. It was therefore only at this
time that the technology became truly effective and ultimately essentially practiced
in earth physics (Edwards et al. 1985).

%The authorship of these innovations is currently hotly debated. The industrial stakes are high,
and several trials are ongoing (see Chap. 2, Footnote 47).

61Experience at Waterloo Bridge (Faraday 1832). After laying two copper plates connected to a
sensitive galvanometer in the Thames, a short distance from the banks of the river, the English
scholar noted in the circuit the forming of a small electric current. The explanation for this
phenomenon of induction (a moving conductor in a magnetic field) would be given a few decades
later by Lorentz (see Chap. 3 Sect. 6.9.2).

$2Previously, after the introduction of total field magnetometers in the 1960s (proton or optical
pumping magnetometers), sensitive magnetic variometers appeared in the 1970s. These ones
(declinometer, H meter and Z meter) offered the possibility of simultaneously measuring the
two components of the field (Mosnier 1977).
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Fig. 1.16a One of the very first seabed electrometers, built in the 1970s and launched in 1976 (see
details in Chap. 4) (According to Chave et al. (1991))

Fig. 1.16b Proposal (French patent) for a method for measuring the field with the aim of detecting
the resistivity contrast of the underlying grounds (According to Duroux (1974))

Meanwhile other technologies have been proposed. This is the case, for exam-
ple, for induced fields measures (Duroux 1974), a method specifically adapted to
offshore exploration (cf. Fig. 1.16b),%* or even for current density measurements,
for which the apparatus was developed by the team of Professor Jean Mosnier from
the Ecole Normale Supérieure of Paris in the 1980s, for a variety of applications
ranging from underwater detection to mining exploration, and is now being intro-
duced as part of SBL (see Sect. 5.3 Chap. 4).

The Duroux acquisition device includes:

— A low frequency towed transmitter (1-100 Hz) constituting a transmitter (loop
shown in the figure) or electric transmitter (not shown)

%3This comes from the Melos process, a magneto-electric method using a surface wave, developed
in particular by the Bureau de Recherches Géologiques et Minieres (Duroux 1967).
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— A receiver on the vessel (electrically isolated) allowing by suitable processes
identification of anomalies by measurements of either the dip in the magnetic
field (amplitude H,/H. ratio or their phase difference) or the impedance (E,/H, or
their phase difference), more generally by a measure of one of the transverse
components of the electric and/or magnetic fields.

6.6 The Industrial Rise: A Very Recent Activity

We can say that the first attempts at prospecting, at an industrial scale, are a credit to
the Norwegian oil company Statoil, which then gave to its researchers the respon-
sibility for the development of the service through the company EMGS (for
Electromagnetic Geoservices), specifically created for this task. This had as a result
the discovery in 2000 of an oil reservoir off Angola (Ellinsgrud et al. 2002), which
became a reality 2 years later by the first commercial job (the Ormen Lange field).

Today this activity is all the less marginal compared with the overall activity of
offshore prospecting and particularly of seismics. Yet few companies, mostly
startups, have entered this market gap, whose turnover increases very quickly
(cf. Sect. 8) (Fig. 1.17).

7 Philosophy and Interest of SBL. Methods

The term SBL may broadly contain all marine and underwater electromagnetic

methods and techniques using towed or untowed equipment, submerged in open

water or resting on the bottom of the sea. The philosophy consists of studying the

variation of amplitudes and phases in the received fields as a function of the source—

receiver offset, with mathematical modeling using geological hypothesis and data.
Roughly the following can be distinguished:

— The methods with controlled sources which are opposed to telluric sources

— The DC and AC principles

— The techniques that apply in the frequency and time domains

— The electrokinetic (electric potentials) and electromagnetic measurement (elec-
tric and/or magnetic fields) technologies

We can say that these methods, techniques and technologies can be combined in
many possible ways and that those proposed today will certainly be complemented
in the future by other probably more efficient processes (Fig. 1.18).
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Fig. 1.17 Chronological summary of seabed electrography investigations (mCSEM) since the
first measurements in the earth’s physics to its economic development with the creation of
companies in the 2000s. This diagram does not include more or less confidential experiments
conducted in the underwater detection domain and those in studies of the seaboard effect
(1972-1989) (According to Constable (2010))
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7.1 The Continuous Current: An Exploration Limited
to the Vertical

The continuous current widely used in subsurface exploration (civil engineering,
hydrogeology, metal mining, archeology, materials research, etc.) has serious
drawbacks since we are interested in large geological structures and especially in
its employment in the marine electrically conductive medium.

Indeed, investigation with DC, by its principle, integrates a large volume of
ground confining the method to vertical exploration only, if this volume is made up
of horizontal (or under a low dip) sedimentary layers, in a limited number and
laterally of a constant thickness (as an assumption).

On the other hand, unlike sounding on land, which offers a theoretically infinite
depth of investigation, marine sounding, due to very rapid dissipation of the
electrical energy in water, can only offer a very limited investigation depth
(a few tens of meters at most).

Finally, DC is unpropitious to good detection of insulating bodies. Indeed, these
bodies, unlike conductive bodies, do not let the DC current go through, but instead
allow alternative or variable currents to spread more easily.

7.2 Variable Currents: The Accessible Lateral Exploration

In oil exploration, the possibilities offered by alternating currents, thanks to their
guiding properties, allow exhaustive exploration, both vertical and lateral.** They
therefore attracted early interest from researchers and were tested and used with
more or less success (Horton 1946).65

In fact it was with the emergence of the telluric methods, electrotelluric®® first
(Migaux 1948; Porstendorfer 1960; Berdichevsky 1965) then magnetotelluric®’

S4This is also the case in mineral exploration for the detection of conductive masses.

S5For example, the low frequency inductive methods (the methods of the spiral or hoop developed
by the SPE in the 1930s) for measuring the dips of deep geological structures (an indirect method),
or the high frequency methods (radio waves) using the phenomena of reflection and refraction
(or absorption) of the waves on the roof of hydrocarbon reservoirs (a direct method). With a lack of
conclusive results, these technics proposed by virtually all companies at that time (1930-1950)
were quickly abandoned in favor of seismics (an indirect method).

56The electrotelluric method developed in the 1930s by the SPE and implemented in France in
1940 by CGG had great success after the war in Europe and North Africa with the discoveries,
among others, of the deposits of Saint Marcet (France) and Hassi Messaoud (Algeria). Lack of a
sufficient market (especially absent in the USA) and with more restrictive conditions than seismic
reflection, which asserted itself more and more, the electrotelluric method was gradually aban-
doned despite a revival and development in the Soviet Union.

%This method, where we simultaneously measure the variations of the electric and magnetic
fields, should rather be called the electromagnetotelluric method.
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(Cagniard 1953a, b, 1956) that it was a success. This time, use of variable currents
at very low frequencies, naturally propagating in nappes in the subsoil, then allowed
us to reach significant depths of investigation and acceptable resolutions in relation
to the considered geological objects.®®

Therefore the researchers naturally turned toward this type of current, whether
telluric or artificial, to approach the problem of the detection of hydrocarbons at sea.

Covering the range of ultra and very low frequencies (0.01 Hz to 10 Hz), the
propagation in a conductor (seawater) environment as well as the detection of
insulating objects (hydrocarbon deposits) are thereby made much easier® than
with DC. In this case, the depth of investigation related to the frequency and
conductivity of the traversed media corresponds to a few hundred meters for the
controlled source methods and can reach several thousand meters for the natural
source methods.

8 Industry of EM Seabed Logging

The global market for geophysics, all techniques together, including sales of
equipment and services (acquisition/processing), represents an annual turnover
with strong growth in recent years.

In addition to the SBL, promising technologies today are wide and multiple-
azimuth seismics, which improve the resolution and particularly the imagery of the
subsoil and 4D seismics with permanent seabed systems.

8.1 The Market: A Highly Growing Activity

The SBL industry turnover increased in 5 years from $30 million to $700 million
annually,”' which remains a relatively low percentage compared with marine
seismics (92 % of the market) and even more regarding the four major oil compa-
nies’ income estimated at $800 billion.”? But, on the other hand, this technology has
had exponential growth, which, let us hope, if the results are confirmed, will
achieve a much more important turnover in the coming years, comparable to the
one due to the emergence and progression of 3D seismics in the 1990s (Fischer
2005; Ellingsrud et al. 2008).

%8 Meanwhile geomagnetic soundings were completed (Barsczus 1970).
%For a sufficient resistivity contrast.
"ORather variable turnover, very sensitive to economic conditions.

"'With a wide disparity between the different companies ($140 million for EMGS in 2007) and a
significant decline in recent years (2009-2010).

72Exxon/Mobil, Shell, BP and Total.
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With a similar survey, the price of a seabed logging campaign is slightly higher
than that of a 3D seismic campaign. However, these costs are to be compared with
the rates of discovery, which are of course at the moment in favor of SBL, but as the
latter are integrated into the overall processes of investigation (combined seismic
prospecting + EM SBL), the analysis may seem a priori more difficult to conduct.
On the other hand, SBL cannot be applied everywhere and the success also depends
on the available additional data that are necessary for the interpretation of the data,
especially in the inversion processes.

In any case, the economy will be seen in drillings and downhole logs, or, if the
discoveries are significant (large deposits), from the start of operations. For exam-
ple, we can estimate the cost of an operation at $2 million (20 times less than deep
drilling), and it can go for a full 3D survey in the Gulf of Mexico to more than
$10 million (Offshore magazine, 15 July 2010, source EMGS). By comparison, in
40 years, the cost of seismics was multiplied by five and the cost of drilling by ten.

Today this activity is still marginal to say the least. Yet few companies have
engaged in this niche. At the end of 2005, nearly 15,000 km of EM profiles had
been made. Today about 700 commercial operations have been conducted around
the world by a few companies on the international market. Since 2008, the activity
has suffered from two crises: one in 2007 because of growing too fast for an
immature technology with aggressive marketing, and in 2015 because of the
collapse of oil barrel prices with the increase of shale oil production in the USA
(Fig. 1.19).

8.2 The Active Companies in this Market

The main service companies in the past and present markets have been very limited.
Thus, in alphabetical order, we have:

— EMGS—Electromagnetic Geoservices (Norway)
— Exxon Mobil (USA)
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OHM—Offshore Hydrocarbon Mapping (England)
MTEM-—Multi-Transient Electro-Magnetics (Scotland)
Schlumberger, with its subsidiary company WesternGeco (USA)
PGS—Petroleum Geo-Services (Norway)

Petromarker (Norway)

Seabed Geosolutions (the Netherlands)

These companies established in the early 2000s (cf. Fig. 1.15) were developed

from three different strategies:

EMGS”? was founded in 2002 by defectors (Drs. T. Eidesmo, S. Ellingsrud and
Stale Johansen) from the Norwegian oil company Statoil. Today the leader
company to exploit the process.

Exxon Mobil at the origin of the method (US patent Srnka) internally developed
for its own service the R3M for reservoir resistivity mapping.

OHM was created by academics (Drs. Martin Sinha and Lucy MacGregor) from
the University of Southampton. This company has now ceased its activity.
MTEM was created in 2004 by academics (Dr. David Wright and Pr. Anton
Ziolkowski) from the University of Edinburgh. PGS acquired this company
in 2007.

WesternGeco (a US subsidiary company of Schlumberger) began its activity
from external acquisitions (AGO Geomarine: the marine division of the com-
pany AOA Geophysics, which uses patents and technology developed by
Dr. Steven Constable of the Scripps Institute of Oceanography, University of
California, San Diego).

PGS, a services company, today bases its strategy on simultaneous acquisition of
seismic and electromagnetic data thanks to a new type of streamer developed in
collaboration with the University of Edinburgh.’”

Petromarker, formed in 2004 by ORG Holding AS, is a private Norwegian
services company using transient EM vertical stimulation and measurement.”
Seabed Geosolutions, the youngest, is a joint venture between Fugro (60 %) and
CGG (40 %).

All firms together, the business today employs nearly 700 people (full time)

worldwide, mostly engineers, technicians and researchers. This very capitalizing
domain also includes a fleet of ten high sea specialized ships (heavy duty) and
several data centers exclusively dedicated to the tasks of EM data interpretation.

In 2014 the total income of this business was about $450 million, with US

$198 million for EMGS, the principal services company (300 employees). With the
oil crisis we are experiencing now, certain service companies were forced to
temporarily suspend their mEM activity or disappeared completely.

73Currently in a joint venture with the operator Fugro.

7*Probably the most advanced company in this sector.
TFirst job in 2006.
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Besides these companies, a small number of university or research laboratories
build equipment and perform missions and experiments with an industrial character
from scientific works.

9 Environmental Impact

Today, it goes without saying that when a new technology appears on the market,
particularly in the field of energy, its direct and indirect impacts on the environment
are systematically analyzed and carefully evaluated.

9.1 Effect on the Number of Exploration Drillings

With an oil shortage that is arriving with no surprise in the coming decades, EM
SBL appears to be one of the answers to limit the drilling risks in deep water by
simply reducing them. Indeed, the large number of dry holes resulting from only
seismic exploration speaks for systematic use of SBL campaigns (Fig. 1.20).

9.2 Effect on Submarine Fauna

If marine seismics have some impact on aquatic fauna (BF sound sources such as air
guns go up to 250 dB re 1 pPa at 1 m propagating energy hundreds of miles away),
it is clear that seabed logging has in return a very small impact.

Specialized scientific studies (Girondot 2007) show that despite the high power
electrical sources (especially in amperage: 1500 A) used in SBL, the electric fields
possibly able to confuse some species (causing strandings, for example) would
virtually have no impact on the behavior of these animals.’®

Fig. 1.20 Number per year Nb
(Nb) of drillings and

producing wells over 300 . .
1000 m deep in the Gulf of Wells in pr"d“““’/
Mexico between 1980 200
and 2010
Wells drilled
100 J \
1980 1990 2000 2010

76See detailed calculations in the Appendix A3.2.
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However, intensities of 10 nT (corresponding to the values of a magnetic field
10 km away from the source) could be felt by turtles, cetaceans’’ and, to a lesser
extent, sharks more sensitive to the electric field than other animals without a priori
a significant change in their behavior.

10 General Presentation of the Book

This book is primarily a teaching and educational work in which the effort is
focused on the description of the principles and basic concepts. Repetitions are
numerous to avoid references and immediately allow, by bringing together all the
elements relating to a matter, better understanding of the studied phenomena.

An important part is devoted to metrology and its corollary: instrumentation,
capital science and technology when operational and instrumental limits are
reached.

This book only briefly discusses the equally important interpretation because, as
pointed out by Jean Goguel in the preface of Professor Muraour’s book (Muraour
et al. 1970):

Before thinking about interpretation, we must have the desire to obtain the best possible
measures, and treat them so as to highlight the part of useful information they contain.

The remainder of this volume is divided into five parts, chronologically
chaptered, and covers all of the main methods used at this time.

Chapter 2 reviews the different detection principles that support the main EM
seabed logging methods. Based on the concepts and laws of electromagnetism
(Ampere, Faraday, Ohm and Maxwell), this chapter provides an overview of the
physical phenomena contributing to the various configurations of the exploration
and widely recalls in its appendices the basic relations, theorems and theoretical
formulations used in the demonstrations.

Chapter 3 is devoted to metrology. It approaches the question of the propagation
and diffusion of electromagnetic energy in a particular environment consisting of
seawater and marine sediments, and that of the detection of hydrocarbon deposits,
with their constraints and limitations. It also specifies the objectives and orders of
magnitude of interesting signals.

Chapter 4 describes the instrumentation, different apparatus, sources and detec-
tors that are now used or are going to be used, the associated treatment techniques,
especially those concerning analog electronics, which assumes here an absolutely
essential interest (measure of very weak fields). This chapter also briefly discusses

""Note that these animals for their orientation are a priori sensitive to changes in continuous
magnetic fields (the earth field) or over very long periods (telluric currents). At the present day, the
currents used in SBL vary in a frequency band from 0.25 Hz to 10 Hz, which logically should not
affect these animals.
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the devices, specific methods and technical means of implementing equipment for
surveys in deep waters.

Chapter 5, the longest with its appendices, but maybe less comprehensive, gives
an overview of the methods of interpretation by mathematical modeling, with a
deliberate choice of exposing in a more fully diversified manner the resolution of
the forward problem by analytical methods. More intelligible, because they are very
close to the physics, these latter will, hopefully, make easier the description and
understanding of the physical phenomena, emphasizing the complexity of the
problem as the data interpretation a posteriori. Numerical and inversion methods,
which are briefly mentioned but remain the foundation of interpretation in different
dimensions, may be supplemented, if necessary, by reading articles and mono-
graphs (specialized papers) quoted in the text and referenced in the bibliography.
Finally, a few words are devoted to experimental analog models (rheostatic tanks)
still in force, and to migration and imagery methods, well known by seismicians.

Chapter 6 presents and summarizes some historical examples of exploration
(case histories), which the technical press has talked about. The latter discussion,
dealing with some different cases, can serve as a reference and interpretative basis
for geological applications. The reader is encouraged to continue and complete this
work especially with reading of periodicals (generalist newspapers), a list of which
is given at the end of the volume.

On a formal level, some chapters are enriched by one or more appendices, which
clarify certain concepts briefly discussed in the text, and by a list of references,
which allow readers and especially geophysicists to deepen their knowledge on
accurate points. The latter can also be complemented by a list of items not
referenced in the text at the end of the volume.

Finally, for a broader understanding of the processes, principles, methods,
techniques, technologies, etc., small historical notes, improving the one presented
in the introduction, have also been added to several developments (chapters). They
will, I hope, offer young people a less dogmatic and more vivid presentation of this
new discipline by giving an overview of the evolution of ideas and thought.
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Chapter 2
Principles and Methods

Abstract This chapter first recalls the various laws and equations that govern the
propagation of electromagnetic energy in the more or less electrically conductive
media that are seawater environments, marine sediments and hydrocarbon deposits.
From these theoretical elements, principles and methods of detection of oil and gas
can be proposed. They make apparent that the seabed recording of lateral and
in-depth variations of the electromagnetic fields (electric and/or magnetic fields)
induced by a natural or artificial source, locally modified by the distribution of the
electrical conductivity of the subsoils, allows highlighting of the presence of
hydrocarbons more resistive in more conductive sediments (because they are
saturated with seawater). It is also apparent that the variable current and dipole—
dipole type controlled source methods in different configurations (in line and
broadside) are then more favorable for the detection of hydrocarbons, which is, if
certain conditions are met such as a resistivity contrast, able to be measured with a
good signal-to-noise ratio.

Keywords Galvanic ¢ Induction « Conductivity ¢ Electromagnetic wave ¢ Eddy
current « Skin depth « Maxwell equations ¢ Diffusion * Propagation

Preamble

I would like to remark about the notation: in the following text, the expression of
equations, equally written according to the needs in the time and frequency
domains, required the use of different notations. The fields are shown in lower-
case letters in the time domain, and in upper-case letters in the frequency domain
(Fourier domain and stationary domain : steady state). The constitutive relations
and the passage of a notation to another are recalled and explained in the supple-
ment located at the end of the chapter (Appendix A2.1).

1 Introduction

We may think that the use of electrical energy in a conductive medium such as
seawater is a challenge. This is what we imagine at the first glance, considering
that this energy dissipates too quickly in the open sea to reach deep geological
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layers.' This is partly true because marine sediments, which represent a large part of
the ocean floor, are themselves conductors through their pores saturated with
seawater.” In this very particular context, we can assume, without much difficulty,
that a penetration of electric power, even small, must allow extraction with adapted
means—that is to say sufficiently sensitive—of enough information on the electro-
magnetic characteristics of the subsoil to deduce its geological structure or at least
its composition.

Until the 2000s, marine geophysics, concerning electromagnetic methods, was
developed around two distinct concepts: one using the galvanic effect of the direct
current (in the field of maritime and coastal engineering in particular) and the other
one rather using the inductive effect of variable currents whether they were natural
or artificial (in a field rather reserved to earth physics). These radically different
approaches are due to the nature of the investigated rocks, especially their electro-
magnetic properties, the means that are used (artificial or natural sources), and also
the depth of investigation, concerning the subsoil layers, and the depth of the water,
concerning the diffusion of the energy.

Due to the electrical characteristics specific to oil rocks (imperfect dielectrics)
and more generally the topological characteristics of oilfields (complex geological
structures, limited dimensions of the reservoirs and average depths of traps), the
galvanic methods in a strict sense could not be truly effective for the detection of

"We have already known since the nineteenth century—thanks to hydrotelegraphy experiments
(wireless telegraphy) by the American researchers Morse (1842), Graham (1882) and Edison
(1885); the English researchers Wilkins (1849), Highton (1852), Stevenson and Preece (1892),
Whitchead (1897) and Gavey (1900); the Scottish researcher Lindsay (1854); the German
researchers Rathenau and Strecker (1896) and Zenneck and Braun (1901); and the French
researchers Bourbouze (1870) and Ducretet (1902)—that it is possible to transmit electrical
energy through water over large distances (Fahie 1899). An example is the transmission of
signals via the Seine River between the cities of Rouen and Paris during the Commune civil
war in 1871 (Fournier 1910; Ducretet 1903; Berthier 1908; Meyer 1972). Since the First World
War, we have also known about the use of electrical devices for magnetic mine dredging
(Rocard 1956).

>The seabed and its relief and lithology have been relatively well known since the nineteenth
century through works including the installation of transoceanic telegraph lines: the Challenger
(1872-1876), Meteor (1925-1927), Carnegie (1909-1929) campaigns, etc. (Harland 1932;
Correnz 1937). However, the physical properties of marine sediments were much less well
known (Delesse 1871; Murray and Renard 1891; Thoulet 1907). It was only in the 1930s with
the first indirect marine seismic investigations (1935) that the structure of the surface sediment
layers was suggested (Jacobs et al. 1959). It was then with the oceanographic campaigns of direct
exploration (sampling) of the oceanic crust (the Mohole project) in 1950-1960 (Bascom 1961) and
those of the Glomar Challenger (1968—1983), where soundings, corings and finally drilling logs
were made, that we possessed more complete information this time about the conductivity of the
rocks of the oceanic crust and little indeed about the sediments (Hsu 1992). We have only known
since very recently, thanks to the resistivity logs achieved by oil companies, that on the continental
shelf seawater penetrates deeply into the underlying sedimentary layers, thus making the latter also
highly conductive (Cox et al. 1971; Chave and Cox 1982). Programs of deep-sea drilling are
currently continuing through the boat driller JOIDES Resolution (Joint Oceanographic Institutions
for Deep Earth Sampling).
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hydrocarbons. Consequently, this has led in recent years to the development of new
techniques, allowing in this singular geological context more accurate highlighting,
and in a differentiated way, the oilfields considered as more resistant in the
geological surroundings to be considered as rather conductive.

For a better understanding of the involved physical phenomena, this chapter
shows the various principles used in the methods of offshore electromagnetic
prospecting. Not all have direct oil applications in the strict sense (commercial or
finalized ones). However, they are briefly recalled to express the detection problems
and to explain, if necessary, why some of these techniques do not a priori allow us
to solve the problem of detection/localization of hydrocarbons as such, and why
new principles have been finally proposed.

2 Laws and Physical Principles

We recall here the general and basic laws® of the electrical and electromagnetic
survey in the broader sense, governing the different physical principles used among
others in marine exploration.

2.1 General Laws Applying to Electrical Prospecting

If one focuses on the movement and distribution of electric currents® in the subsoil,
we can simply say that:

— Electric current can travel by different ways, galvanic and/or induced modes,’
whether it is a continuous or varying current.’®

— The continuous current only flows in electricity conductors such as sulfide
deposits (electronic conduction), or in sedimentary rocks containing in their
porous matrix more or less formation of water, itself conductive (a conductive
electrolyte), or more generally in fractured rocks with this type of conduction

3We advise readers little experienced in vector analysis to see, for example, the work of Professors
Chisholm and Morris (1965).

*We call “electric current” every general movement of charged particles or charges moving in a
referential.

SThese concepts are explained later in the presentation.

By this we mean alternating currents (fixed frequencies), periodic currents (modulated frequen-
cies) and variational currents (frequencies or periods varying in time and space). Within the SBL,
the term “alternative” will be used for controlled source devices (NCSEM) and the term “varia-
tional” for telluric measurements (mMT).
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Alternating and variable currents penetrate dielectrics such as rock hydrocar-
bons, but are more or less stopped by conductors all the more strongly as the
frequency and electrical conductivity of the soils’ are high.®

The movement and distribution of the alternating currents, even at very low
frequencies, cannot be completely equivalent to those of the continuous currents
unless the latter are variable currents with very long periods, such as telluric
currents (Fig. 2.1).

Except for the investigations carried out in earth physics for the recognition of

very deep layers of the lithosphere, most of the electromagnetic methods used in
conventional geophysical exploration using artificial sources have been studied to
highlight:

Resistivity of horizontal contrasts (superposition of geological horizons) or
vertical contrasts (faults, breaking down, etc.)9 with the use of continuous or
low frequency currents (— galvanic effect; see Sect. 2.4.2)

Local conductive anomalies'® (such as mineral ore bodies), buried in more
resistive geological environments, using then medium frequency alternating
currents (— inductive effect; see Sect. 2.5.2)

and more recently:

Resistive anomalies (such as oil reservoirs) in conductive environments (envi-
ronments invaded by seawater) using in low frequencies (LF) the electrokinetic
and electromagnetic joint and combined effects (galvanic + inductive effect; see
Sect. 2.5.3)

It is to the Italian physicist Carlo Matteucci (1811-1868) from Thouvenel’s experiments
(Thouvenel, 1792) that we owe the first works (using an electric telegraph) on soil electrical
conductivity (Blavier 1857).

8This is also true of the radio transmission modes (hertzian and radar).

°The “a coup de prise” phenomenon, well known by electrical prospectors.
'%See definition in Appendix A2.5.
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2.2 Electromagnetism and Marine Geophysical Prospecting:
Recollections

Marine electromagnetic surveying (mEM for short) brings together a multiplicity of
methods and technics'' based on somewhat different physical principles; however,
it is possible to identify briefly their general outlines. Roughly, these methods can
be classified into three categories, depending or not on the time:

— Those that use an artificial continuous current (marine direct current methods or
mDC methods)

— Those that are practiced with artificial alternating currents applied as controlled,
permanent or transitory currents (marine alternative current methods or mAC
methods, generally called marine controlled source electromagnetic methods or
mCSEM)

— Those based on natural variable currents, called telluric currents (marine
magnetotelluric current methods or mMT methods)

These various investigations, both in their conceptual approach (magnetic,
electric or electromagnetic) and in their technological specifications (very different
metrological arrangements) are governed by separate laws of current distribution.

These methods are divided roughly into:

— Vertical sounding (vertical or depth investigation)
— Mapping (lateral investigation at a given depth)
— Imaging (lateral investigation at different depths)

2.3 General Principles of the Electromagnetic Exploration

These well-known principles in the profession are explained by classical deter-
ministic physics'? based on the laws of electromagnetism.'? The interested reader
will find more complete developments in the books and monographs dedicated to
surface exploration, whose application areas are essentially those of

"The first experiments in electromagnetic prospecting took place shortly after the appearance of
wireless telegraphy. During the First World War, French troops used a device for telegraphy
through the soil. Significant variations in transmission were found on this occasion, attributed to
the conductivity changes that affected the different grounds. We owe to the Romanian physicist
Sabba Stefanescu, a Conrad Schlumberger collaborator, the theory of the dipole TTS (telegraphy
through the soil), the basis of the quantitative interpretation of the first electrical soundings
(Stefanescu 1936, 1945). For a complete history on electromagnetic methods, the reader may
refer to the recent article by Professor Zhdanov (Zhdanov 2010).

12The notions of general relativity or the general theory of the fields are not involved here.

3To avoid overloading the following discussion, these laws are contained in the Appendices A2.
The reader will therefore be able to refer to it through referrals located in the text.
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hydrogeophysics (Patra and Nath 1999; Makoto et al. 2003; Rubin and Hubbard
2006), mining geophysics (Keller and Frischknecht 1966; Telford et al. 1978; Patra
and Mallick 1980; Nabighian 1987) and geothermics (Adam 1976). An exhaustive
booklist is given in the appendix Al.1

2.3.1 Continuous Current Regime

At steady state, only conduction currents are present in the conductive media. They
correspond to the general movement of the electrical charges present in the medium
(electrons for the metal conductors, ions for rocks saturated with water, etc.). The
electric field E is then, in the same direction, directly attached to the current density
7 by the only electrical characteristic representative of the medium, i.e., its
conductivity ¢ (or the inverse: its resistivity).

In this case it is verified that:

— The average charge is zero, and the spatial distribution of 7 does not depend on
time and satisfies the equation:

V.7=0

— The field E in the conductor is constant too, and satisfies the equation:
VAE=0

In the subsoil, these local phenomena, which are concomitant with the simultaneous
movement of the moving charges, i.e., here the ions present in the water in the rock
are ruled as homogeneous and isotropic conductors'* by the law of linear propor-
tionality between E and f, formalized by Ohm’s law (cf. Sect. 2.4.4) (Fig. 2.2).

Theoretically, the distribution of the potential fields is comparable to that of
electrostatic fields; it is then called static approximation (cf. Sect. A2.10). Except
for the limit conditions, it is conveniently given in the absence of a current source
by solving the Laplace equation (see Eq. 2.6) and in the presence of a source by the
Poisson equation (cf. Eq. 2.8).

The means of bringing it into operation are especially achieved through simple
metal electrodes'> (such as copper or steel) in contact with the ground where the
current is injected (+/—) and directly taken from the ground through a quadrupole
type device. This technique is finally an ohmic transfer,'® which places in direct

'“See definitions in Appendix A2.5.
"3In resistant grounds a group of electrodes (four or more) Joule is necessary.

1®Much of the electrokinetic energy is dissipated by a Joule effect (ohmic drop) at the injection
electrodes. It is therefore important that the earth or sea plate have as little resistance as possible.
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contact the energy exchanges between the power source and its more or less
immediate environment.

The main disadvantage of the continuous current methods, also called conduc-
tion current methods, lies in the facts that:

— The continuous current dissipates very quickly in conducting media such as
seawater (short circuit).

— The layers of high resistivity, even if they are thin, form a block to any electrical
energy penetration, preventing access by the way to any information on these
layers and moreover to those more deeply buried in the underlying strata.

These are the reasons why we prefer to use, in these very singular detection
conditions of “resistant” layers in a conductive marine environment, variable
currents, which are more suitable to propagate, to penetrate these layers, and they
can present in addition some directionality according to specific measurement
dispositions.

2.3.2 Alternative and Variable Current Regimes

In an alternative or variable regime (a function of the time ¢), the current distribu-
tion depends not only on the electrical conductivity, but also on the dielectric
constant and to a lesser extent on the magnetic permeability of the medium of
propagation.

Electric and magnetic fields are indissociable and are more or less directly
attached through the intervention of cause and effect actions governed by the
classical laws of electromagnetism. Five dynamic parameters then define the
electromagnetic state of the environment and are represented by the five vectors:

d, b, & Bandj_"

These are connected together by an equation couple formed by Faraday’s law and
by Ampere’s theorem.
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In any medium, a variable magnetic field of induction b, generates an induced
electric field ¢€; this is the effect known as induction or an inductive effect,
described in its local form by Faraday’s law."”

—

ob

VA= ——
¢ ot

(2.1)

In an electrically conductive medium, an electric field € creates a current of density
I, which in its turn generates a magnetic field h; this is Ampere’s theorem.

1
(9]
(=N

VAh=j+—= (2.2)

~

This second equation then admits two kinds of current:

— one represented by fcorresponding to a transport of the charges by the current,
and called galvanic current,

— the other one, a function of the time, equal to 5&/ 0t corresponding then to a
displacement of the field d and named displacement current.

Nearly all electromagnetic prospecting methods use consequences of simulta-
neous combination of these two interactions. The electromagnetic wave propaga-
tion and the distribution of the associated fields therefore depend more particularly
on these two fundamental equations (Faraday’s law'® and Ampere’s theorem'?).
Ordinarily, they are incorporated into the system of equations of Maxwell (four in
total) respectively designated as the first and second equation (Maxwell 1861,
1862), which are supplemented by the constitutive equations. They allow, among
other things, with the expression of a priori given restrictive conditions, under-
standing of most of the problems of distribution of electricity in material media if
they are, however, sufficiently basic (cf. Appendix A2.1).

In practical terms, only the electric field € (or E) and the magnetic induction b (or
P;) are directly accessible to measurement (e, b) (Fig. 2.3).

""Expressed by Faraday (1831) and formulated a few years later by Lenz (1834), the law expresses
the electromotive force induced in a circuit crossed by a variable magnetic flux. In the nineteenth
century, Faraday already sensed the existence of electromagnetic fields in the sea, induced by the
dynamic movements of conductive waters in the Earth’s magnetic field (Faraday 1832). Local and
integral forms are equivalent.

"8Statement of Faraday’s law: the time derivative of the magnetic induction flux, sign changed
(—0B/(—01), through a surface element of a dielectric material, represents the induced
electromotive force created along any limit embracing the surface.

Statement of Ampere’s theorem: the unit of magnetic mass moving along a closed contour
enveloping an area crossed by a displacement current flux (J + 0D/—0r) performs work equal to
the product by 4z of the displacement current flux, regardless of the medium in which the magnetic
mass moves.


http://dx.doi.org/10.1007/978-3-319-45355-2_BM1

2 Laws and Physical Principles 59

Faraday Ampere
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Fig. 2.3 Interactions of the electric and magnetic fields with the currents I, after all formalizing
the propagation of the electromagnetic energy through a material medium, derived from Faraday’s

law and Ampere’s theorem. Field h, H and magnetic induction b, B are linked by the intrinsic
characteristic of the medium (invariant), namely its magnetic permeability p (cf. Eq. 2.13). It
should be noted here that for Maxwell there is in fact no open circuit but closed current loops; if a
circuit composed of conductive bodies is interrupted, the dielectric medium itself at the ends of
these bodies closes the circuit

Moreover, these relationships between the fields also present two regimes:

— A regime of diffusion, due to the conduction phenomena (introduced by the
so-called conduction currents)

— A system of propagation, due to the polarization phenomena (introduced by the
so-called displacement current: induced effect)

These two phenomena are either simultaneously or separately established. They
depend on one hand on the electrical characteristics of the current source (the
excitation frequency especially), and on the other hand on the electromagnetic
properties of the crossed media (electrical conductivity and permittivity more
particularly in the case of sedimentary rocks).*

On the theoretical level, the difficulty lies then in the fact that some materials forming
the subsoil do not quite behave as conductors of electricity and not as dielectrics.

2.3.3 Fundamental Difference Between Continuous and Variable
Regimes

The study of the electric field in a continuous regime is only based on the study of
the thin streams of surface currents (ground surface) whose spatial distribution
mainly depends on the deep subsurface heterogeneities (— vertical exploration).
In an alternative regime, the electromagnetic field is, conversely, the result of the
elementary fields due to all the thin streams of surface currents (including those
from the source) and deep currents, and so the study is then one of a total field.”" It

*In the sedimentary (nonmagnetic) layers the magnetic permeability plays a minor role and
cannot be used as a deciding factor in detection.

2'Or, in other words, with addition of the primary field, secondary fields due to induction currents
(mutual induction of the current lines between them), which rise from the depths.
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therefore has no fixed direction (cf. Fig. 2.13). It has been shown (see below)
that, as a result of the difference in the phase presented by its different compo-
nents at the same point, this global field is largely influenced by the heteroge-
neities of the subsoil, and so the end of the vector representing the field describes
then a polarization ellipse. As a corollary, using separate and oriented measur-
ing devices, it is then possible to obtain directional systems (— lateral
exploration).

If in continuous current methods it is sufficient to measure the amplitudes of the
electric fields, it is necessary in the variable regime methods to record either their
variations or their phases, or most preferably both of them.

Furthermore, another major difference is the fact that the penetration depth of
the electric lines of force remains limited for alternating currents (a skin effect due
to the frequency and the conductivity of the rock formations — formation of eddy
currents) and substantially infinite for continuous currents—that is, if we can have
for them sufficient electrical power and adequate means of measurement
(a microvoltmeter with low drift).

Finally, in theory, the formulas that are given for the calculation of the apparent
resistivity are different—relatively simple for continuous currents (with a direct
relationship with Ohm’s law) and much more complex for variable currents
(resolution of Maxwell’s equations system in the frequency and/or time domain).

2.3.4 Geoelectric and Geological Sections: Two Different Realities

Geoelectric sections obtained by any process whatsoever are not necessarily
representative of geological sections. This is the case for instance for:

— Successive layers of different ages or facies with the same resistivity

— Impregnation fluid (salt water, oil, etc.) present in two superimposed layers with
similar hydraulic characteristics (porosity)

— Low thickness benches interposed between two layers of high power and
different resistivity

In these particular situations, the lower and upper limits of the geological layers
(wall and roof) do not coincide with those of the measured resistivity, which can
lead to an incorrect estimation of the thickness of the different layers or simply an
indetermination (a plurivocal problem).

To remedy this disadvantage we can then perform a quantitative calibration
when we have stratigraphic sections accessible by drilling for the deep horizons
(carrots, samples, cuttings, mud logs, etc.) or by acoustic survey for the superficial
layers. A parametric calibration is otherwise performed by applying the principles
of equivalence (Bhattacharya and Patra 1968) and suppression (Chapelier 2001).
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Continuous current Alternating current
I
d |
< <t
(a) (b)

Fig. 2.4 Direct current (DC) only flowing in a closed circuit (a) and variable current (AC) able in
addition to propagate in an open circuit (free at the ends) coupling to the ground (shaded in the
figure) by induction by a link that can be immaterial (b)

Operating Techniques

There are a wide variety of techniques of electromagnetic exploration processes.
They go from injection current methods (permanent or impulsive, artificial or
natural, galvanic or inductive) to reception methods (potentials, potential dif-
ferences, electric and/or magnetic vector fields, total field, etc.).

Whereas the direct current cannot flow in a physically closed circuit, the
alternative current can also flow in an open circuit; it is called an antenna
(cf. Fig. 2.4).

In continuous current prospecting, the circuit usually closes due to the invested
medium (cf. Fig. 2.4a). In the context of variable current prospecting, it can also
close over the medium by conduction as for a continuous current, but also spread in
an induced manner (cf. Fig. 2.4b).

Controlled Current Injection

Operating techniques for the application of artificial methods or controlled current
source methods physically use either:

6 etc.)27

— Inductive transmitters or inductors (coil,23 loop,24 hoop,25 frames,2
isolated from the environment where a periodic current flows

— Transmitters with direct plugs planted in or in physical contact with the envi-
ronment (land, seawater), where the current is injected at one point and exits

through another

22Compared to other methods, the electromagnetic methods are probably those with the greatest
diversity of techniques.

BA single turn of wire placed on the ground.
24Several turns of wire placed on the ground.
25 A spire inclinable in all directions placed on a tripod.

26 A frame whose orientable coils are placed horizontally and vertically (perpendicular to each
other).

?TThese devices are also found in reception (receptors).
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Fig. 2.5 Various technical means for artificially transmitting electromagnetic energy in the
subsoil: induction methods (a), conduction (b) and mixed (c¢) methods. The inductive method is
used for investigations in rather resistant ground where the ohmic drop may be important (dry sand
for example). However, the technique by conduction, mainly used with direct current, requires a
resistance of the electrodes as small as possible, to minimize the ohmic drop at the electrodes. In
SBL, the hybrid method has been little used so far. (In the 1920s, surface prospecting technologies
using these two effects were tried without success a priori. This was for example the case with
Professor Ambronn’s old system where, briefly, a small diameter coil (a few feet) was connected to
two earth electrodes (Ambronn 1928))

— Electromagnetic loops consisting of a straight horizontal or vertical electric
cable and an earth (or sea) connection forming with the ground (reverse current)
a type antenna device®® (Fig. 2.5).

Moreover, some techniques developed for scientific research also use magnetic
sources (see Chap. 1, Fig. 1.14), but these techniques, in the context of commercial
prospecting, remain relatively marginal today and only are proposed now for deep
sea mining exploration (Swidinsky et al. 2012).

Telluric Sources

Natural or telluric current sources have a more complex mode of action to highlight.
The origin of these currents, their provenance, their nature, their distribution, their
circulation, and their variability in time and space, as well as their concentration
and their period, associated with changing scaling factors, do not allow us to
establish clear and still less general rules about their specific electromagnetic
behavior in the subsoil. However, we admit that, roughly speaking, it can be
assimilated into the behavior of the variational and transient currents whose period
varies over time and space.

Reception

For direct current, the reception only uses unpolarizable or not potential sockets,
and more rarely relative or absolute measure magnetometers.

ZInterconnected by one or more buried or submerged potential electrodes.
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For alternative and variable currents, according to the employed techniques, the
Sensors are:

— Magnetic (magnetometers, declinometers, variometers, etc.)
— Electric (electrometers)
— Both magnetic and electric (electromagnetometers in development)

In the case of SBL we nearly only adopt vector sensors, i.e., field (electric and/or
magnetic) measurers able to register one or several components, which provide for
the measure a certain directivity. The so-called scalar or total field sensors are in
return reserved for permanent current methods (magnetic or electric methods;
cf. Sect. 2.3.3).

2.3.5 Apparent Resistivity Notion

The apparent resistivity is in some way an average value, physically and globally
integrating the specific resistivities (see Chap. 3, Sect. 2.1.3) of the different rock
formations crossed by the electric current, if these are considered as a stack of more
or less horizontal and homogeneous geological layers.” In the case of localized
heterogeneities, the apparent resistivity then depends on the resistivity contrast
(anomaly/surrounding), the size and burial depth of those layers or more simply
their relation (Habberjam 1979).

The apparent resistivity also depends on the evaluation method that has been
adopted, on the geometry of the acquisition device (the size and layout of the
electrodes in relation to the dimensions of the anomalies), on the characteristics of
the current and finally on the conditions of its use (hardware and environment).

The apparent resistivity is calculated from the measurements of V, I, B and E
combined together and mathematically linked by arrangement parameters, which
define among other things the investigation depth.

2.4 Physical Principle of Stationary Current Marine EM
Seabed Logging

The principle of stationary current electromagnetic SBL is old (see Chap. 1. Sect.
6.2) and relatively well known by prospectors. It is governed by the laws of
electrokinetics principally derived from the laws of electrostatics for the study,
for example, of the charge distributions (cf. Sects. 2.4.4 and 2.4.5).

These methods are, with minor exceptions, marine applications of techniques
traditionally used on land, such as profile draggings (constant investigation depth),

2With some corrections or conceptual artifices, we can here tolerate a low dip.
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Fig. 2.6 Power line from the entry point of the current I to the exit point (by the electrodes). The
electric current flowing in the medium (land or seawater) follows the path of least resistivity (law
of least effort), which is not necessarily the shortest path

vertical soundings (variable investigation depth) or even electrical panels, univer-
sally used in:

— Hydrogeological prospecting (searches of aquifers, of freshwater resurgence or
of infiltration, or for identification of pollution, etc.)

— Structural prospecting (locations of geological lineaments as fractures or faults,
etc.)

— Coastal auscultation and harbor geotechnical inspection (evaluation of the
sanding or silting thickness, of the stone bedding depth, etc.)

— Building material research (sand, gravel, etc.)

— and to a lesser extent mining prospecting (detection of sulfides masses, veins,
stockwerks, etc.).

In DC electrical exploration, except for some special methods, we mainly use the
so-called resistivities method that allows through difference of potential measures
establishment of a section in depth of the distribution of resistivities (an integrative
method). In this case, the energy transfer is always done by conduction; the
electrical current then flows from a material point to another (injection/return) by
the path of least resistance (Fig. 2.6).

In these processes the dual coupling transmitter/subsoil/receiver remains sub-
stantially invariable at each measuring station, i.e., in other words the transmitters
and receivers have finite, fixed dimensions, and move together at a constant
elevation of the seabed (cf. Fig. 2.20).

To avoid the effects of electric polarization of the electrodes due to electro-
chemical phenomena of contact (metal immersed in an electrolyte), we very often
use variable polarization currents as pulsed, chopped, or inverted currents (regular
alternance of positive and negative current) depending on whether one seeks to
differentiate a particular type of terrain or geological structure.

2.4.1 Apparent Resistivity and Geoelectrical Section
Generally, at sea, the investigation is carried out using a series of quadrupoles

(current injection and capture potential dipoles mutually aligned) fixed on a flute
(on the seabed) or arranged in a streamer (in full or surface waters, more rarely),
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whose different geometries (spacing type Wenner, Schlumberger, Lee partition,
double dipole, etc.) allow you to explore the floor at varying depths.*

Most investigations at sea, in coastal areas, or in harbor areas correspond to the
development and construction of vertical pseudosections—that is to say electrical
resistivity section—representative of the various strata or tabular geological struc-
tures forming the sedimentary tranche.’’

To build these sections, the prospector, from a series of recorded measurements,
establishes a curve or a pseudosection of apparent resistivity (see Chap. 5, Sect.
3.3.1), then interpretable in terms of the geoelectric model.

2.4.2 Galvanic Effect: Conduction, Detection and Anomaly Location

In the geological electricity conductor media, the flow of direct or low frequency
alternating electric currents (where the galvanic effect is also important) can be
affected by electrical discontinuities. The latter are due either to horizontal
(or vertical) interfaces of different natures (geological layers) or to discrete local
heterogeneities whose conductivity represents a contrast with the conductivity of
the environment. In these cases, the field lines are then canalized in their spatial
distribution (in the case of sedimentary strata) or present a geometric distortion
(in the case of conductive or resistive heterogeneities), which then characterize the
galvanic effect (static shift).

This singular effect is due to the opposite accumulation of positive and negative
electric charges at the boundaries of the different geological media (layers, hetero-
geneities, etc.) such that:

— Within the anomaly, this accumulation then creates a current generating a
secondary field equivalent to the one produced by an electrostatic dipole, in
the opposite direction (to the primary field®” that generates it) for a conductive
anomaly, or in the same direction for a resistive anomaly.

— Outside the anomaly (useful information for prospecting), this depolarization
current is added for a conductive heterogeneity or subtracted for a resistive
heterogeneity.

— Outside the anomaly, we then observe on either side of it a distortion of the force
lines, which has the effect of promoting the detection (especially deflection of
the electric field) and above all of allowing the location (the intended purpose).

In this case, the total field is treated as an electric dipole. Theoretically, in these

anomalous circumstances, the secondary field ES, at a distance r from the emission
source, is provided by Coulomb’s law (cf. Appendix A2.10) such that:

3OWe suppose that for a given geometry, the depth of investigation is constant. This is partly true
because in fact the conductivity of the grounds alters that depth to a lesser extent.

*'We usually seek to assess the sediment or vase thickness, or to recognize the depth of the
bedrock where the imperatives of directivity and great water depth are not required.

3This case is not of interest in exploration, except in the technique mise a la masse, wherein the
current injection electrode is implanted into the accessible ore deposit.
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. q 7
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where q is the volumetric charge density, which is, depending on the primary field

Ep, on the electrical conductivity ¢ and on the dielectric permittivity € of the
medium, equal to ¢ = —€Ep.Vo /o (Fig. 2.7).

(b)

Fig. 2.7 Examples of galvanic effects due to abnormalities of conductivity of different types.
(a) Polarization mechanisms (accumulation of charges of opposite signs at the ends of the target —
creation of an electric current), source of the galvanic effect, for a conductive anomaly and a
resistive anomaly. (b) In the presence of a conductive (/eft) or resistive (right) anomaly, the current
lines can bend even more sharply than the contrast of conductivity (or resistivity) is large. The
conductive anomalies tend to attract at greater or lesser distance the lines of force while the
resistive anomalies tend to repel them. A priori, this local effect is more pronounced for conductive
anomalies than for resistive anomalies. The potential lines (not shown in the figures) are perpen-
dicular to these isoanomalous lines and to the limits with the anomaly
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Macroscopically, the distortion of the lines of force, of the fields, etc., can be
mathematically modeled by either analytical methods for detection itself (Sainson
1984) or by numerical methods to realize corrections (Chave et al. 2004). In all
cases, it is necessary to have maximum information on the form and the effective
resistivity contrast between the anomaly and the surrounding rock.

2.4.3 Remark About Current Sources

In DC electrical exploration and at low frequency the dipole terminology is suitable
for two different physical realities, depending on whether we are interested in the
measuring device itself and more particularly the transmitter, or in the anomalous
field when it exists in the presence of an heterogeneity [sic] (Fig. 2.8).

In the case of the primary sources, i.e., the transmitters, the dipole corresponds to
the injection of an electrical current by two points or poles connected by a cable
where the generator is generally inserted, where the current then escapes from one
of the poles (the first electrode) to close by the ground on the other pole (the second
electrode).

In the case of an anomalous field, caused by a conductivity anomaly, this one
then intrinsically plays the role of a secondary power source. This electromotive
force is opposed to the primary field in the case of an insulator or is added in the
case of a conductor.

cable link \ l /
< O <«

SN

() (b)

Fig. 2.8 Dipolar sources of different origin and associated current lines: (@) corresponding to the
primary field of a transmitter with two poles separated but connected by a cable; (b) corresponding
to the secondary field associated with a conductivity anomaly; the target becomes then a source of
electric current
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2.4.4 Ohm’s Law: Recollections

Techniques using continuous or similar electrical currents™> are theoretically based
on Ohm’s law.

According to it, in any point of the system formed by the measurement device
and the investigated ground, the current density J, which corresponds to the current
flow per area unit (cf. Appendix A2.2), is proportionally related to the local electric
field E, by the conductivity ¢ or the resistivity p (where p = 1/5), an intrinsic
property of the propagation medium at rest, such that:

— -

J=6E or E=p]J (2.4a)

This constitutive law linked to the propagation medium, connecting the currents to
the field intensity, adds itself to Maxwell’s equations (cf. Appendix A2.3). The
charge displacement may also result from an additional external cause, independent
of the local electromagnetic field, such as:

— The presence of a power source (transmitter) nearby

— The possible presence of a chemical potential gradient (electrolyte)

— The movement of the conductor (seawater) or the sensor in a present magnetic
field (the earth’s field for example)

In these cases, to the current density is then added an additional term, such as:
J=cE+ 7 (2.4b)

If we consider, at any time, the omnipresence of telluric currents in the soil, this
expression seems to be therefore the most appropriate.

2.4.5 Stationary Problem Solution: Laplace and Poisson Equations

Under local conditions, the electric field E becomes the gradient of a scalar potential
V such as:

i
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<
<

(2.5)

33To avoid the polarization of the electrodes, pulsed currents are also used. For example, in
transmission, the current is chopped at a given frequency and reconstituted at reception to the
same frequency. In the heroic times of electrical prospecting, we used for that common devices
such as the pulser/inverter. Today these systems are electronic (IGBT double switcher).
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As the direct current is conservative by definition (6 .J=0), then the potential V
obeys the Laplace equation (cf. Appendix A2.5)

ViV =0 (2.6)
or, in Cartesian coordinates, the partial differential equation:

o’V o'V 'V
e otz 0 27)
Crossing a surface separating two media of different conductivities, the voltage V
varies continuously (it is the same for the normal component). The solutions of the
Laplace equation (cf. Eq. 2.7), giving the distribution of the electrokinetic poten-
tials in space (x, y, z), are mathematically identical, except for the limit conditions,
to those giving electrostatic potentials. This approach corresponds to the static
approximation (cf. Sect. A2.10).

In the presence of an electrical current source of intensity I discharging into the
medium, the Laplace equation, which corresponds to an equation without a source,
is then endowed with a second member such that:

VAV = 18 (7 — Ts) (2.8)

where & is the Dirac function,® and where 7 and Ts are respectively the directional
vectors going from any observation point M to the potential V point and the place
where the source S is (cf. Fig. 2.9).

This equation corresponds, in these particular conditions, to the Poisson equation
(cf. Sect. A2.6).

Fig. 2.9 Arrangement of M
directing vectors (T, Ts) @
relative to an observation =
point M in the context of
solving the Poisson
equation

**1n oil exploration, cylindrical coordinates are also used for anticline modeling, for example.

3 Also called a pulse function, well known by electricians since Heaviside and reintroduced by
P.A.M. Dirac in quantum mechanics (The Principle of Quantum Mechanics, 1947, p.58). The
response to an excitation of this type generally leads to relatively simple expressions.
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2.5 Physical Principle of Alternative Current Marine EM SBL

The principle of alternative current SBL is recent (Eidesmo et al. 2002), distinct
from the older DC methods and partly comes from variable current methods
previously used in oceanographic research particularly led in the USA (Spiess
et al. 1980). Its physics are still apprehended with some questions about its precise
mode of action (see Sect. 2.5.8).

The physical principle of SBL detection is based on the study of the specific
behavior of electric currents at low frequencies, which is different depending on the
environment in which they propagate. Depending on the conductivity of these
media, we may be dealing either with a relative predominance of the conduction
phenomena, or a preponderance of the propagation phenomena.

2.5.1 Conduction Currents and Displacement Currents: Semantic
Recollections

From the macroscopic point of view, we can roughly distinguish two types of
movement of electrical currents. They take their difference from their origin, some
depending on their mode of production (the nature of the electromagnetic source),
the others following from the environment in which they occur.

When the energy propagates because of the displacements of the charged
particles under the action of an electric field E, then we are dealing with conduction

currents. Each particle of charge q is then subjected to a electric force F such that:
F=qE (2.9)

These currents are mainly established in electricity conductor media, solid and
liquid, where free charges are absolutely present (electrons, ions, etc.). They both
concern continuous and variable fields.

When energy this time propagates because of the motion of electric and mag-
netic fields, in this case, we are dealing with displacement currents themselves,
according to the Maxwell terminology (Webster 1897; Ferraro 1956; Rocard 1956).
These currents usually occur in rather resistant environments.

Inside the medium, the current density vector is equal to:

- de
j=¢€e— 2.10
j=ey, (2.10)
setting (Maxwell):
- dd
j=— 2.11
=3 (2.11)

we obtain:
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d=¢@ (2.12)

which represents the electric displacement vector.
In this state, the displacement currents then ensure the electromagnetic energy
transfer and mainly concern the variable fields and dielectric materials.
Schematically, and in absolute,*® we can say in summary that:

— Only the conduction currents remain in the perfect conductors, as the displace-
ment currents are zero.

— Only the displacement currents’’ remain in perfect dielectrics, as the conduction
currents are lacking.

However, the concerned dielectrics (oil reservoirs) are obviously not perfect. In
them exist molecules and free charges, which are polarized and move slowly under
the influence of electric and magnetic fields. They can therefore counteract the
movement of the energy all the more strongly when frequencies are low.

2.5.2 Inductive Effect and Differentiated Propagation

We know (see Sect. 2.3.2) that a variable (magnetic or electric) field involves in the
same time the creation of a secondary field, also variable, which in turn creates a
new field, complementary to the secondary field, and so on (cf. Fig. 2.10). This
phenomenon of “serial cause and effect”, so to say of field displacement step by
step, whose inseparable intermediaries are displacement currents and electromag-
netic induction, is the origin of the phenomenon of electromagnetic propagation
itself. It then establishes, during the time, a transfer of energy in the space between
the media and especially in the horizontal planes of the geological layers, as
discussed later (see Sect. 2.7.4).

In electricity-conducting media, the inductive effects are limited by instanta-
neous secondary currents precisely called in this case eddy currents. Indeed, the
magnetic fields that enter the conductor also induce alternative electric fields. These
fields are spontaneously opposed all the more strongly to the primary currents
which generated them that the medium is conductive and that the magnitude of
the field frequency is high.*® The “propagation” in these circumstances is limited or
even stopped, as in the case of metallic materials, which have very high conduc-
tivities (Sainson 2010).

36Which is never the case.

¥0n the theory of dielectrics, interested readers may consult, for example, Professor Frohlich’s
book (Frohlich 1958).

3The reader will find in my book on corrosion logs a chapter devoted to eddy currents in metals
(Sainson 2010).
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B
Medium 1
E Medium 3

Medium 2

Propagation

Fig. 2.10 Inductive effect: a variable magnetic field B, which appears in medium 1 creates around
it an electric field E in medium 2, which in turn creates a magnetic field B in medium 3, and so
on. Magnetic field B has then moved from medium 1 to medium 3 — propagation

—» Galvanic effect

—» Induced effect

Fig. 2.11 Combined galvanic effect and induced effect due to the variable current circulation
through any medium. These effects will be independently more or less pronounced depending on
whether the medium is a conductor or resistant. The identification and indirect measurement of
such effects (fields) are the basis of the detection system of SBL

However, in dielectric media, inductive currents are then more important and
stronger (little or no eddy currents are present). They allow the propagation to be
easier.

We can briefly say that at low frequencies, in conductive media, the energy
transfer will be essentially due, as will be seen further, to the galvanic effects (—
electrical conduction phenomenon), whereas in dielectric media, proportionately
the propagation phenomenon will be predominant (— electromagnetic induction
phenomenon).

This fundamental difference in the behavior of the lines of force and the fields
toward different natural environments (the conductive marine sediments and the
resistive oil reservoir especially) is the basis of the low frequency alternating
current detection of SBL, since we are able to differentiate and quantify both
effects separately—that is, in fact, to measure them individually at the same time
and with good accuracy (Fig. 2.11).
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2.5.3 Galvanic/Inductive Effect: Key of Seabed Logging Detection

As has been indicated above, the presence of alternative or variable currents more
or less creates, in any geological environment, secondary currents produced by the
variations of the primary magnetic flux.

These vortical derivative currents (eddy currents) are even more intense than the
medium is conductive, and are consequently opposed to the penetration of the main
current, defining then what is conventionally called the skin effect, or historically
the Kelvin effect (see Chap. 3, Sect. 3.3.1).

In contrast, in a dielectric medium, they are weak and just slightly weaken the
main current, allowing it to propagate more easily. In this type of resistant envi-
ronment, the dominant responses are rather the galvanic type (open current). In this
case precisely, the vertical component of the electric field changes directions when
the current passes from a conductive medium to a dielectric medium and vice versa.
This phenomenon is, among others, the basis of the SBL detection devices (mea-
sures of the field vector components) (Figs. 2.12 and 2.13).

The innovation of the currently accepted SBL method is therefore based on the
fact that the eddy currents, widely present in marine sediments (a conductive
medium), are significantly decreased in the presence of a hydrocarbon reservoir
(a resistive medium), leading to a specific local behavior and therefore abnormal
regarding ambient electromagnetic fields (excluding oil deposits).

More specifically, at the reservoir level, we can say that the resulting field then
locally corresponds to the juxtaposition of two concomitant electrical effects:

— One galvanic (static shift), superficial, sensitive to the resistive layer, only
depending on the depth

— The other one inductive or a vortex (inductive shift), insensitive to the resistive
layer, depending on both the depth and frequency, as the eddy currents can only
be formed moderately

Specifically, in the absence of a reservoir of oil or gas, the electromagnetic
currents will thus tend to diminish very quickly (because of the skin effect in marine
sediments), whereas in the presence of a reservoir, these currents will then have the
ability to penetrate deeper (eddy currents are then much less important) (Fig. 2.14).

At an absolute level, it is relatively difficult to quantitatively assess the contri-
bution of each of these effects. Nevertheless, it is possible to model them separately,
as can be done, for example, for the galvanic effect (cf. Appendix A5.4) However,
some authors have proposed models to qualitatively estimate the relative share
attributable to either of these effects, in the form of a ratio (galvanic/inductive
effect), dependent itself on the ratio of electric and magnetic field values (E/H), and
for various geoelectric environments (Walker and West 1992).

Accordingly, and practically, if it is possible to simultaneously generate
(cf. Fig. 2.15) horizontal currents (—) and vertical currents (] ), and to accurately
measure them straight up the resistive anomaly (HC), if it exists, it is then possible
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Fig. 2.12 Creation of eddy currents, important in the conductors, low in the dielectrics. The
creation of these is effective for both artificial and telluric currents and changes the resulting
electromotive force to be lower in the conductors than in the dielectrics

Inductive effect
(vortex)

Galvanic effect

Fig. 2.13 Schematic: galvanic effect (bottom) and induction or vortex (fop). The circulation of
electric fields E, along the lines of force (potential), and their topological shape (more or less
importantly winding), allow us to differentiate the evolution of these fields in the space. In the
presence of a resistivity contrast, the vertical component of the field E changes directions —
detection. In geological media, more or less conductive, the electromagnetic classical theory
symbolized by the laws of Ohm and Joule (open current) coexists with the theory of Maxwell
(closed current)

to identify these two distinct effects, all the more easily when the conductivity of
the reservoir is low and the contrast with the sediment rocks is high.

In these singular detection conditions, in the presence of a hydrocarbon reservoir
with a resistivity pyc and a thickness ¢, the galvanic effect (cf. Fig. 2.15) compa-
rable to the one encountered in DC will be preponderant in an all the more
important manner when the transverse resistance of the reservoir (Rtr =1, pyc)
is strong (Constable 2010).
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Fig.2.14 Atasimilar frequency (LF), the penetration of the force lines | is greater in the presence
of an HC reservoir (a) than in its absence (b)

In other words, the presence of the resistive layers under the EM source
combines the increase of the lateral propagation (associated with a larger skin
depth) and the galvanic interruption of vertical currents (cf. Fig. 2.15).

2.5.4 Choice of the Method Principle: Emission/Reception

The imperatives of detection described in the preceding paragraph require a specific
technology with regard to both the quality of the emission and the quality of the
electromagnetic field reception, and their respective coupling with the subsoil.

About the emission, we know (cf. Appendix A3.2) that:

— Galvanic type responses are preferentially excited by galvanic sources too, of an
open wire type, or a free antenna type (without an electrical counterweight),
operating in the medium by conduction (cf. Fig. 2.5b), rather than by magnetic or
inductive sources of a closed wire type or winding and coil (cf. Fig. 2.5a)
essentially generating some magnetic field.*

— Moreover, a galvanic source supplied more energy to the medium than an
inductive source.

— The use of a horizontal galvanic source, parallel in direction to the seabed
(cf. Fig. 2.15), can generate both horizontal and vertical currents*’ (Walker
and West 1992).

About the reception, we admit that to clearly differentiate the two effects,
sensitive to the presence of the hydrocarbon deposit, it will be necessary to:

— Have field vector sensors measuring separately the different components of the
electric field and not simply assess potential differences as is done with direct
current.

¥To distinguish and quantify these two effects, we can simultaneously use a galvanic source and
an inductive source (see Chap. 4, Sect. 7).

40A vertical source can only provide a galvanic response (see the MOSES program).
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Fig. 2.15 Schematic principle diagram for detecting a horizontal electrical stimulation, which can
simultaneously generate responses (fields E) due to galvanic effects (]) and a vortex or induction
(—) in the presence of a resistive layer (oil field) inserted between two electrically conductive
media (sea water and marine sediments)

— Measure the components of the electric field on two mutually perpendicular
horizontal lines, when the transmitter and receiver are aligned, in line, and then
when the transmitter and receiver are parallel, broadside (cf. Fig. 2.16).

About the survey, we know that:

— The galvanic effect is even more important when the transmitter dipole is located
at the top of the reservoir.



2 Laws and Physical Principles 77

Fig. 2.16 Acquisition E !
geometry in-line and

broadside arrays (seen from

above). In the in-line

configuration the

transmitter E and the

receiver R (dipoles) are E
aligned. In the broadside

configuration, E (HED) and Broadside
R (horizontal sensors) are in
parallel directions

° In line

— The inductive effect (attenuation and phase shift) occurs when the skin depths
are comparable to the distance over which the electromagnetic energy has
traveled.

On the transmitter/subsoil and subsoil/receiver couplings, if we admit a source
of transmission common to the receivers (an operational necessity), moving at a
constant depth over a fixed set of sensors posed on the seabed, these sensors will
then vary at each station (cf. Fig. 2.31).

2.5.5 Acquisition Device Geometry: A Crucial Element of Detection

The data consist of EM amplitude and phase measurements as a function of the
source/receiver offset and position. For horizontal electrical excitation and spe-
cifically in this case, the response to an anomalous resistivity of the subsoil depends
on the magnitude of both effects. Those work, so to speak, in opposition. They
preferentially differ in certain geometric configurations (cf. Fig. 2.16).

The in-line and broadside geometries give different information (Yu and
Edwards 1991; Yu et al. 1997).

For example, for a deposit of hydrocarbons with a thin and resistant horizontal
geological horizon (MacGregor and Sinha 2000),*' we know that:

— In the configuration of an in-line array (azimuth 0°, in the direction of the
source), the galvanic effect prevails and the electric field lines are purely radial
and plunge vertically into the subsoil (cf. Fig. 2.15).

— In the configuration of a broadside array (azimuth 90° to the direction of the
source), the inductive effect is predominant, and the electric field lines are purely
azimuthal or horizontal, so they do not produce a galvanic response and the
attenuation is primarily due to the skin effect (cf. Fig. 2.15).

“!This fundamental element had already been stressed by Professor Cox in 1984 in a report from
the Scripps Institution (Constable 2010).
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The in-line configuration (electric dipole—dipole) is sensitive to the vertical
resistivity, while the broadside configuration is sensitive to the horizontal
resistivity.

These important results, corroborated by analog models (rheostatic tank), auto-
matically (analytical and numerical),*> and by numerous exploration results (field
data) are not surprising if we consider that the hydrocarbon reservoir also acts as a
guide wave (see Chap. 3, Sect. 3.10) facing a longitudinal excitation (Ellingrud
et al. 2002).

2.5.6 Maxwell’s Equations: Conditions of the Media and the Emission
Source

EM seabed logging physics, considered at low frequencies, are theoretically
derived from the Maxwell equations (see details in the Appendix A2.1). The
resolution of these equations allows access to different mathematical, analytical
or numerical models, then to simulations which will be practiced either:

— A priori in the definition of the acquisition methods through the design of
measuring instruments (definitions of the detection limits, systems architecture,
sensitivity, resolutions, etc.)

— A posteriori in the formulation of algorithms used in the interpretation of the
data of the exploration campaigns.

Moreover, the inherent nature of the propagation media and the topology of the
investigative devices will however impose special determining conditions on
resolutions.

Specific Conditions Concerning the Propagation Media

Due to the virtually nonmagnetic character of the crossed materials (at least in
hydrocarbon exploration),*’ the magnetic permeability p of the crossed environ-
ments is then equivalent to that of the vacuum py and can thus be considered
constant. Under these conditions, with few exceptions, the constitutive relation
between the magnetic field and induction vectors (cf. Eq. A2.13) becomes:

B =pH=p,H (2.13)

“>Which we shall see examples of in Chap. 5.

“3Some hydrocarbon deposits may be structurally related to volcanic activity with the presence of
magnetic igneous rocks (dykes). Under these conditions the magnetic permeability is different
from that of a vacuum.
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for all concerned media (seawater, marine sedimentary layers and hydrocarbon
reservoirs) involved in the detection process.

Conditions Concerning the Transmitting Source

Because of the proximity of the transmitter and its power, the current density near
the receptors acquires an additional term IS related to the source such that we finally
have (Ohm’s law):

-

j=o0e+J (2.14)

which is to write for the equations™ considering the constitutive relation
(cf. Eq. A2.1.8) that (cf. Eqs. A2.1.5 and A2.1.7):

L. 98
VAR=eso+] (2.15)
ot
and
ﬁezg (2.16)

In low frequency or quasistatic approximation (cf. Sect. A2.10), as is the case in
alternative stimulation SBL technics (cf. Chap. 5, Sect. 3.1.1), we consider that the
displacement currents are negligible compared with the conduction currents (—

€0e/0t=0).

2.5.7 Fundamental Equations of the SBL Detection Principle

Taking e '’ as an expression of the harmonic variation (o) of the associated
electric and magnetic fields, in the unit MKSA or SI system, and replacing the
equation (cf. Eq. A2.1.4) by the equality (cf. Eq. 2.13), the above relations
including the source term J® then become equivalent in the frequency domain to
the following equations:

V AE = —iop H (2.17)

and:

“4In the time domain for the problem of wave propagation to be well established, it is imperative to
also establish initial conditions to fix the direction of the time (& 7).
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VAH-cE=T (2.18)

These two vector equations are the theoretical basis of the detection principle of the
EM SBL method. They govern, under the guise of using well-established restrictive
conditions (boundary conditions) and complementary relationships (e.g., Ohm’s law),
the propagation, the diffusion and the distribution of the electromagnetic fields
through various media (seawater, marine sediments and hydrocarbon reservoirs).

2.5.8 Ohm’s Law and Maxwell’s Equations

Maxwell’s equations do not themselves accurately describe the electromagnetic
situation in the concerned areas where charge carriers are present, for example.
New relationships in relation to the specific nature of these environments must
therefore complete these equations.

The detection principle itself, based on a dual effect (inductive/galvanic),
imposes, theoretically and at the considered frequencies (LF), the introduction of
Ohm’s law (cf. Sect. 2.4.4).

Indeed, under certain conditions, Ohm’s law can be extended to variable
regimes. It completes then the propagation equations as forming one of the consti-
tutive equations of Maxwell’s equations (cf. Appendix A2.3).

In the harmonic regime, the electrical conductivity and dielectric permittivity are
then considered as complex because they depend on the frequency. In these
circumstances, Ohm’s law in its complex form becomes:

J=(6+in¢) E (2.19)

where the complex electrical conductivity 6 and the complex dielectric permittivity
€ are respectively equal to:

=0 +ic and E=¢ +ie (2.20)

which is to write (cf. Eq. 2.19) that:

—

J= (G’ — g+ ioe + ics”> E (2.21)

or that:
J= (0. —iwe) E (2.22)

with:

"
"

c
0. =0 — e and e . =¢ +—
o
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where o, and €. are then real numbers, as ¢” and £” (depending on the frequency)
are negligible in most cases except in clays.

2.5.9 Propagation Physics or Diffusion Physics?

The equation of the electromagnetic waves is the Helmholtz’s equation (see
Appendix A2.3; cf. Eq. A2.1.27). In writing it in the time domain and involving
the propagation velocity ¢, we obtain:

25 o’ o -
Vg = e + iopyo € (2.23)

It then shows two terms:

— A propagation term (the first member) the so-called Maxwellian term dependent
on the speed ¢ explicitly and on the dielectric permittivity € of the medium
implicitly

— A diffusion term (the second member) only inherent to the electromagnetic and
inseparable properties of the medium (p and o), and particularly its electrical
conductivity

If we now form the ratio of these two terms, replacing c by its value, i.e., c =

(suo)_l/ 2 such that we have:
propagation term & g (2.24)
diffusion term  op,o6c?  © '

and considering the magnitude orders of the electromagnetic characteristics of the
crossed media, we see that at low frequencies, this ratio is very low and that the
diffusion term is then largely preponderant and outweighs the one of propagation.

For example, in the case of SBL, the media have very low dielectric permittivity
(see Chap. 3, Table 3.2), slightly higher than that of a vacuum (gy = 8.8-10~ 12 F/m).
We obtain in these situations, and more specifically in the sedimentary rocks when
o is 10° times greater than &, for very low and extremely low frequencies (ELF), the
values of this ratio, such as (Table 2.1, Fig. 2.17):

ELF — 10°( we/c (107 (2.25)
This theoretically implies that at low frequencies (=1 Hz) and very low fre-

quencies (<1 Hz), it has more to do with diffusion physics (we/c << 1) comparable
to the transmission of heat (with material support)45 with propagation physics such

“The equations are the same as those found by Fourier to represent the propagation of the heat in
the media (Fourier 1822).
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Table 2.1 Values of the ratio

i ‘ Stimulation at 1 Hz welo << 1
we/o in different propagation Seawater 1510729510~
media, in response to an - = 5
excitation of frequency 1 Hz Sediments 3.51074.4-10
Reservoir 1.1-1077-1.1-1078
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Fig. 2.17 Changes in the ratio we/c depending on the frequency, thus theoretically defining
broadcast and propagation domains showing that below the GHz, well over the working frequen-
cies (=1Hz), the diffusion phenomenon is predominant

as those involving the movement of radioelectric waves (without hardware support,
such as in a vacuum, for example). In this case, the propagation factor is rather of
the form k = (—iopoo)"? (cf. Eq. A2.1.32).

Nevertheless, we can prove (Loseth et al. 2006) that the electromagnetic energy,
despite the low frequencies that are used, can also behave like waves in the limit of
the skin depth, then follow the laws of geometric optics,*® browse preferred paths
and also be decomposed in different modes (cf. Sect. 2.7.4.3 and Sect. 3.7 Chap. 3).

It goes without saying that the propagation media should be as homogeneous as
possible, so that this theory is valid, which is rarely the case in a reservoir made of
different fluids (water, oil, gas) and solid elements (rocks) with among others the
presence of fractures, joints, facies transition, discordance or any other remarkable
geological discontinuities.

If the theoretical aspect is then important, this does not prevent controversies
existing. This is the case between several schools of thought, which are opposed at
the present time and which suggest that additional phenomena of propagation of the

“Sphenomena observed for the first time by the physicists J. C. Bose, A. Righi and H. Hertz.
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electromagnetic waves”’ (relaxation, polarization, or others) due to microscopic
qualities of geological environments really coexist (Ellis and Singer 2007).

This would particularly be the case at the oil reservoir level, even at its periphery,
with, for example, the existence of specific interfaces of more or less pronounced
phenomena (Bonner et al. 1996 Loseth et al. 2006)*® (Fig. 2.18).

In these special conditions, the general wave equation (diffusion/propagation):

) oe 0°¢
VEg= HoG 5 + Hoe — - (2.26)

of which the second order term is negligible (e very small) therefore reduces to the
diffusion equation:

- 0¢
Ve = HoO = (2.27)

a “reduced” fundamental equation, which in some way governs the detection
principle and especially the distribution of electric fields in the context of the

“TFor Dr. Chave, from Woods Hole Institute of Massachusetts, scientific adviser to Schlumberger
(WesternGeco), low frequency physics, within SBL, are physics of diffusion (a fact determined a
priori). However, for the experts of the Norwegian company EMGS, as well as for Professor Shultz
of the University of Oregon, these physics would come under the juxtaposition of the two
phenomena at least with regard to the reservoir. For now, the debate is not settled and still remains
controversial as evidenced by the discussion that took place at the trial in opposition (EMGS
patents), which confronted the two companies in front of the High Courts of Justice in England
(England and Wales High Courts, 2009) and Norway.

Remark: The physics of waves generally reveals in the propagation some temporal terms that
vary with space (cf. the wave equation). This is for example the case of the signal phase, which
may be ahead or behind the original current (natural or artificial).

Phase shift due to the induced effects: The physics of the propagation of currents in conductors
and “perfect” insulators is relatively intelligible. In good conductors, the currents will have all the
more difficulty in passing if the frequency is high. For good insulators, the opposite happens. In
other words, a DC or a VLF current can neither enter nor cross through an insulator while a high
frequency current can. Similarly the latter cannot penetrate a very good conductor, as its density is
then directly affected by a pellicular effect concentrating the field to the periphery (a skin effect).
For materials with intermediate conductivity and especially with a heterostructure, such as the
reservoir rock, the problem is more complex to understand and the physics are then less clear to
establish except in the precise case of DC. For the latter, the propagation is only affected by an
energy dissipation essentially due to the Joule effect (heating at the current injection), the
conductivity of the rock the presence of the ions (chemical energy transfer) and the distance
(a geometric or spherical divergence phenomenon, which affects the current density: 01/0S). For
alternating currents, in addition to the characteristics of the rock, we have to take into account the
frequency and its attendant effects on the electrical resistance, capacity and self-induction of the
crossed fields. For VLF currents, we can assume that the resistance is very much the same as for
DC. However, we can say that the other electrical features then play a significant role in the
propagation giving the phase of the current intensity different values at each point of the field.

“The reader may also follow a more complete demonstration in the frequency domain for a
stratified medium.
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Receiver
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m EM source

Fig. 2.18 Principle of measuring electric fields (E): details of the current lines near and passing a
HC reservoir where inductive and galvanic effects simultaneously combine. These are more
marked laterally and differently at the apex and at the periphery of the oilfield

exploration by SBL,* taking then into account the electrical conductivity of the
rocks (with pg = constant).

2.5.10 Simple Solutions of the Diffusion Equation

In a homogeneous and isotropic medium, the solutions of the diffusion equation
(see Eq. 2.27) for a monochromatic plane wave of angular frequency o (with a
frequency of 0.1-10 Hz or lower for the mMT method) affecting the amplitudes of
the electric and magnetic fields in the direction of z are of the form:

C<Z) — eoe—/}ze—iazeiu)t

- (2.28)
h(Z) — hoe—l)’ze—lazelmt

where e and hg are the values of fields at the distance z =0, where f and «a are the
respective terms of attenuation and the electromagnetic characteristics of the
propagation media.

When the conduction currents are dominant (a conductive medium), the coeffi-
cients o and f are then dependent on the electrical conductivity ¢ and the magnetic
permeability p such as:

“In prospecting using geological radar where frequencies are important (=100 MHz), the second
term (propagation) can no longer be neglected (cf. Chap. 5, Eq. 5.9).
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a=p= % (2.29)

The components of the e, and e, fields in the horizontal plane (perpendicular to z)
then have constant amplitudes (a plane wave).

The above equations can also be expressed as discussed later (see Chap. 3, Sect.
3.1.1) in term of the skin depth 8. We have then f = a = 1/6.

2.5.11 A Signal-to-Noise Ratio Very Favorable to Detection

The measurement of the very low amplitudes of the electric fields induced in the
water, and their variations (in the order of a few nV/m/+/Hz) would not have been
seriously considered if the ambient electromagnetic noise present at the bottom of
the sea had been important. But this one, in exploration areas’” sufficiently distant
from the coasts, remains remarkably low (of the order of a few tens to a few pV/
m/ V/Hz) or below in some areas (Cox et al. 1978).

This consequently leads to a very acceptable, even comfortable, signal-to-noise
ratio (a factor ranging from 100 to 1000), if you have a measuring device that is
sufficiently sensitive and with little noise so that measures can be performed with
high precision in such a hostile environment.

2.6 Physical Principles of Variable Current Electrography

We say here variable currents for telluric currents, i.e., the natural electrical
currents continuously flowing through the oceans and the lithosphere.”® These
currents with long periods may be used as an electrical and/or magnetic source.
Their spatial and temporal (frequential) variability advantageously allows investi-
gation of the subsoil at different depths (a variable skin effect). The very low
frequencies that characterize them therefore allow us to obtain great depths of
investigation, which make these techniques more suitable for the study of earth
physics (crustal and mantle structures).

The physical principle is similar to the one governing alternative or periodical
currents. In contrast, the transitory and variable (unpredictable) characteristics of
the telluric source then require proper treatment of the information, which is more
complex to achieve, notably using correlation or comparison of the fields (magnetic

It is quite different in estuaries, harbor facilities and generally coastal areas, where anthro-
pogenic sources nearby and the shallow depth of water concentrate the electromagnetic noise.
3!'Vagabond currents from industrial sources are also variable. With few exceptions these have
been used for prospecting or for earth physics, especially employing electrified lines for the
railway (Meunier 1975).
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and/or electrical); the techniques with methods that use this principle give more
relative results than those obtained by techniques using artificial currents
(predictable).

2.7 Acquisition, Disposition and Measurement Principles

Commercially, DC methods were previously used only in shallow water and are
very easy to implement. Currently, they increasingly have to compete with more
and more powerful sediment echo sounders and high resolution seismics (Trabant
1984).

Alternating current techniques (controlled source methods) and variable current
techniques (telluric source methods) intended for investigation of deeper grounds
under deep water require, however, much more important means comparable to
marine seismics.

2.7.1 Direct Current: Resistivity Electrical Methods

In the DC regime, the most widely used method is the resistivity method, i.e., one
that allows us to obtain, from current and potential measurements, after calcula-
tions, the resistivity values of the different soil layers forming the seabed. This
technique is not without resemblance to the surface methods from which it is
directly derived (see the history in the Introduction). Nevertheless, if its efficiency
is real in fresh water (rivers and lakes), it must be theoretically considered differ-
ently due to the immersion of the acquisition device in seawater, which is
conductive.

Measuring Device Topology

For the convenience of the operations, current injection and potential measurement
electrodes are mounted on the same material support constituting a unique line of
electrodes (flute) allowing the entire acquisition system to be simultaneously pulled
by a boat.

Since the 1930s, when the initial investigations were conducted (cf. Sect. 6,
Chap. 1), several geometries have been tested with either:

— The injection points at the end and the measurement points at the center
(quadrupole type Wenner or Schlumberger arrays)

— Dipole—dipole type layouts, or

— Focused devices logging on the bottom (Witte 1958; Jones 1959; Postma 1962)
or floating with guard electrodes (Mayes 1965)


http://dx.doi.org/10.1007/978-3-319-45355-2_6
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Fig. 2.19 Apparatus for measuring the resistivity (immersed flute) developed from a group of
electrodes (two for current injection A, B and several for potential sampling N, M,)) aligned and
mounted on a cable (electrically isolated) towed by a boat

#Gps

Fig. 2.20 DC device using a cable submerged in shallow water, composed of one or more
quadrupoles (interdependent transmitters and receivers) dragging on the seabed (electrical profil-
ing or sounding). The method has no lateral directivity and only provides information according to
the vertical at a constant depth (AB fixed) or variable depth (different AB). This technique is
widely used in lake exploration (According to Baron and Chapelier 2003)

However, it seems established that some spreads are more suitable than others,
as is the case, for example (cf. Fig. 2.19), when the injection dipole (A, B) is at the
center of the receiving device (N, My,...M,) (Fig. 2.20).

The resistivity method is not sensitive to three-dimensional anomalies as well as
to those with limited dimensions (Telford et al. 1983).

However, it is possible to highlight heterogeneities of small dimensions when
juxtaposing several profiles side by side. We can also laterally make the position of
the measurement dipole vary, using a fixed injection dipole (measuring in a
rectangle) and thus obtain a field profile.

Resistivity Evaluation (Continuous Current)

In a marine environment, even if the technique is old, electrical prospecting by DC
has only been studied in recent decades by a very small number of engineers, led in
France, for example, by Professor Lagabrielle (Lagabrielle 1983, 1992; Lagabrielle
et al. 2001), in the USA, Canada, Switzerland (Baumgartner 1996; Baron and
Chapelier 2003) and also in Russia (Vishnyakov et al. 1992).

The resistivities of the rock formations and their thicknesses are obtained
simply:
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— By measurement (in the water) and calculation of the apparent resistivity> given
by the well-known relationship between the potential difference measured
between two electrodes M and N (the receiver dipole) and the injected current
I (at point A) such that:

AV Vu -V
IMN = K% (2.30)

pa:Kn

where K, is a geometric factor dependent on the n electrode layout (cf. Fig. 2.19)
and (when the electrodes are aligned) equal to:

1 1 1 1
K,=|— 231
<AN + AM,,) / (AN2 * AMﬁ) (231)

— Parallelly by measurement in situ (still in water) and calculation of the electrical
conductance of the seawater such that:

h K,
C=—
pw +AM"

(2.32)

where / and p,, are respectively the depth and the resistivity of the sea water.”

Then from these apparent resistivity measurements, either we compare
(aforward problem) or calculate (an inverse problem) the effective resistivity values
of the different geological layers forming the subsoil (cf. Chap. 6) (Fig. 2.21).

2.7.2 DC Investigation Limitations

From the apparent resistivity measures,”* obtained thanks to the transmitted cur-
rents and the voltages collected for different geometric spreads (spacing variations
between the electrodes in particular — variable depth investigation), we obtain
specific resistivity sections depending on the depth. Under these conditions of
vertical scanning, investigation by DC offers no horizontal directivity and therefore
no lateral resolution,” and so the fluctuations of the measured apparent resistivity
only depend on the longitudinal conductance™® of the piling of the different

52Not to be confused with the specific resistivities (see Chap. 3, Sect. 2.1).
33For this calculation we also measure the water temperature.

3*True or specific resistivity is a physical quantity that is difficult to understand. For the same
material, it may be different and vary depending on the environment in which the measurement is
made (laboratory, well logging, surface prospecting, etc.).

53In some very rare cases (e.g., a lateral mismatch), the intersection of profiles (perpendicular)
between them provides a lateral extension to a certain limit (low resolution).

56The longitudinal conductance or the conductance of a layer of thickness h is equal for a portion
of a field of a unitary section to h/p (the Dar Zarrouk parameter).
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Fig. 2.21 Topology (in section in the vertical plane) of the current lines from the two injection
points at the surface of the seawater, which then propagate in less conductive soil (sediment)

conductors (an assumption). Moreover, even if the technique is performed on the
seabed, it seems to be limited by the thickness of the water layer (about 10 m) so
much more strongly that the ratio of the conductivity of marine sediments to the
conductivity of the seawater is low (Lagabrielle 1983, 1992).

For example, assuming in the best case a ratio of 0.03/0.3 or 0.1, it is then
necessary for the detection of conductivity variations greater than 10 % to perform
measurements with a precision of at least 0.3 %.

Moreover, the technique is limited by the relief of the seabed, or more exactly by
changes in the topography whose size must exceed in distance the length of the
injection line. Finally, the attenuation will be much stronger as the instrumented
cable will be away from the bottom (the largest energy dissipation in water) then
limiting surface, subsurface or open water (streamer) techniques and thus making
the logging technique more difficult to implement.

Almost all the commercial surveys carried out by these methods in aquatic
surroundings aim to obtain information about:

— The location of the roof of geologically resistant formations in the electrical and
mechanical sense of the term (consolidated ground, non-cracked, hard rock
called bedrock), lying generally below a light and more conductive sedimentary
substratum

— The evaluation of the thickness of the first layers of marine sediments (vases,
mud, silt or more or less consolidated sediment layers)

— The nature of the detrital rocks forming the bottom of the sea

— The formation, evolution and movement of sand bars (silt)

— The location and measurement of the thickness of submarine permafrosts

— Research into building materials (gravel)

— The identification of layers or horizon marks (present for example in the rift
valleys)

— The existence or absence of hidden stones

— The marine resurgence of subsurface freshwater sources

— The hydrogeological evaluation of terrestrial aquifers on the seaside (extension,
drainage, overdeepening, etc.)

— The development of accurate maps of the estuary (geographical, hydrological
and bathymetric, etc.)
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— The mapping of marine or lacustrine archaeological sites
— Leak detection on large structures (dams, dikes, lifting, etc.)
— Identification of polluted areas

In the future, offshore metal deposit prospecting (deep sea mining) could also be
created through this relatively simple-to-implement technique.

For oil exploration, in addition to the disadvantage of using very high emission
powers (much higher than those of variable currents), the relatively limited nature
of the oil concentration, a consequence of which is that they are badly fixed during
the measurements, is also a very unfavorable condition for their detection by a
continuous current. Even in the case where the oilfield shows high resistivity
regarding its immediate geological environment, it is virtually impossible to deter-
mine whether the high apparent detected resistivity is due to the presence of
hydrocarbons or to another cause (adverse reliefs, heterogeneous rocks, facies
variations, irregular thickness, etc.).

2.7.3 Alternative Currents: Resistivity Magnetic Methods

This was one of the first marine investigations to be proposed and conducted with
magnetic observation submarine equipment existing at the time (1970) as the OBM
(for Ocean Bottom Magnetometer).

Measuring System Topology

The mMR methods (for marine magnetometric resistivity) were primarily used with
vertical injection devices, VED (see Fig. 1.13). In these situations, as the electric
field is vertical, the magnetic measurements were performed on horizontal or
azimuthal By, components of the associated magnetic field (Chave et al. 1991;
Edwards et al. 1981, 1984) such that we can write:

_ Woloh . r?
By = " (1 — 10 o1 (2.33)

where I is the intensity of the injection current, . the height of water, r is the
distance from the source to the receiver (offset), and 6, 6; are respectively the
electrical conductivity of the seawater and the subsoil, and pg is the magnetic
permeability of the vacuum equivalent for all horizons.

Apparent Resistivity Evaluation

In quasistatic approximation (cf. Eq. 2.33) the resistivity curves are identical to
those of a Schlumberger survey (Chave et al. 1991). The apparent resistivity p, is
then given according to By, by the relation:


http://dx.doi.org/10.1007/978-3-319-45355-2_1
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L (2.34)
4noyr?By

The vertical current injection in this precise case can only highlight the galvanic
effect, a phenomenon that fits well with the conductive media investigation but is
still insufficient to detect resistivity contrasts between marine sediments and the oil
reservoir (conductive/resistant contact). Nevertheless, this specific conformation
may limit the surface waves (cf. Chap. 3, Sect. 3.13), which can be significant for
instance for surveys realized in shallow waters.

2.7.4 Alternative Currents: Electromagnetic Field Methods

After the detailed establishment of the method principle the question of course is
the one that concerns hydrocarbon detection itself and more particularly the iden-
tification of the double galvanic/vortex effect (cf. Sect. 2.5.3).

Briefly, to implement this method, the current technology is based on:

— Measurement of the amplitudes of the components (mainly horizontal) of the
electromagnetic field (electric especially or magnetic in some cases), in different
spatial configurations (in line and broadside)

— Ifit’s possible, identification of the difference in the phase between the received
fields in relation to the excitation signal (electromagnetic source)

— Combination and comparison of measurements between them at different points
in the horizontal plane (seabed), organizing what we call the prospect

all evaluations being completed in situ and a posteriori by acquisition data
correction systems.

Importance of Measure Topology

The device comprises a mobile EM transmitter (source), which moves over a set of
vector receptors placed on the bottom of the sea. In such an arrangement, the
horizontal electromagnetic excitation (electric dipole) creates in the invested
space both horizontal and vertical electric fields, which can be measured according
to different geometric configurations:

— In line, i.e., when the transmitter and the receivers are aligned (cf. Fig. 2.16).
Then both galvanic and inductive effects are present. This configuration is rather
sensitive to the vertical resistivity, where the difference of conductivities is then
important.

— Broadside, i.e., when the transmitter and the receivers are in parallel directions
(cf. Fig. 2.16). Thus only the inductive effect is operative (horizontal currents).
This configuration is more sensitive to a horizontal resistivity, which is then


http://dx.doi.org/10.1007/978-3-319-45355-2_3
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Fig. 2.22 Decomposition in a meridian plane passing through the axis of the dipole of the electric
field in the horizontal plane (x, y) by in-line/broadside field measures and polar representation (E,:
radial component and E¢: azimuthal component) at a point of the acquisition device (electrometer)
allowing us to identify significant effects (galvanic) or not (inductive) on the resistive layer (oil
reservoir) (According to MacGregor and Sinha 2000)

interesting, and even determining to detect laterally more or less defined
structures.

Electric Field Evaluation

Among the six electromagnetic vectorial components measurable on the sea floor,
some are more interesting than others to record in terms of amplitude and phase.”’

Let us consider a measurement performed in the background, on homogeneous
sediment slightly more resistive than seawater, thus separating the propagation
medium into two half spaces (Chave et al. 1991; Constable and Srnka 2007).

At a distance r from the EM power source, the radial E, and azimuthal Eg
components of the electrical field (cf. Fig. 2.22), solutions of the propagation
equation, are under these conditions equal to:

7Statement based on the present state of knowledge.
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P ‘
E, = % cos § [(kwr + 1) e ™5 + (K22 + ke + 1) e 7] (2.35)
P _
Ey = ?p‘; sind [(kr + 1) e 4+ 2(kr + 1) e 7] (2.36)
"

with a complex wave number for each medium (seawater k,, and sediments &,):

ky = Viopy/p, and k. = \iop,/p, (2.37)

where L, is the magnetic permeability of a vacuum, p,, and p, are respectively the
resistivity of the seawater and the marine sediments, and finally P the dipole
moment is equal to the product of the current by the length of the antenna: I x L
(see Chap. 4, Sect. 4.4.4).

By simultaneously performing measurements of electric and/or magnetic fields
in two horizontal directions, perpendicular to each other, we can then distinguish
the two pure effects, one galvanic, the other one inductive.

Under these favorable conditions, we thereby obtain the polarization of the
average field at the measuring point, which then directly depends on the degree
of lateral anisotropy (horizontal plane) of the apparent resistivity of the underlying
rock formations. We can therefore, by an appropriate spatial disposition of field
sensors with transverse components, laid on the seabed, detect more or less pre-
cisely the presence or absence of a resistive anomaly.

By combining the different in-line and broadside measurements, and consider-
ing if necessary some modes (cf. Sect. 2.7.4.3), we now obtain, as discussed later in
some modeling, a multidimensional picture of the spatial distribution of the con-
ductivity of the subsoil.

Field Transversal Components: TE and TM Modes

In an homogeneous, isotropic and infinitely extended space, either slightly conduc-
tive>® or dielectric, the electromagnetic wave, whatever its orientation, is in its
modal form of the electric and magnetic toroidal type, abbreviated as TEM. This
means in other words that the electric field and magnetic field vectors, orthogonal
between them, move together perpendicularly to the propagation direction, as if
these waves would propagate in the vacuum (see Fig. A2.1). The TEM mode is
therefore both a transverse electric mode and a transverse magnetic mode.

In a configuration of a wave guide or more generally in a homogeneous stratified
medium, limited then by two distinct horizontal interfaces, we theoretically show
(Morse and Feshbach 1953; Collin 1960) that the electromagnetic field propagating

381t is not the same in conductors with high conductivity (metals). The electric field and magnetic
field vectors are not perpendicular then and also have a phase difference.
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Fig. 2.23 In the TEM A
configuration, the electric
field E and magnetic field B,

orthogonal to each other, B

move simultaneously in the

direction of propagation (z) C y
of the electromagnetic E

wave. In highly diffusive

media (e.g., metals), the

field vectors B and E are not

perpendicular anymore [6)

TEM mode

inside this medium may be decomposed into two different transverse modes, one
electric (TE) and the other magnetic (TM).

In practice, we can also show, which is an important point, that the sensitivity to
these two modes may depend (not always) on the presence or absence of hydro-
carbons in the trap. In these conditions:

— The transverse electric field (TE mode) is originally characterized by a current
loop, which flows around the zaxis (horizontal plane), which coupling in the
propagation medium is achieved by induction (cf. Fig. 2.23).

— The transverse magnetic field (TM mode) is originally characterized by a current
loop inscribed in a z-direction plane (vertical plane) and perpendicularly
intersecting the separation plane with a medium of different electromagnetic
properties (cf. Fig. 2.24).

We can note that the TM and TE modes respectively produce no electric and
magnetic fields in the propagation direction®” (O z here), which means in the case of
the figure (cf. Fig. 2.23) that the vertical components EZ and ﬁz of the electric and
magnetic fields are zero in the vertical direction z.

In theory, based on Maxwell’s equations in the frequency domain, where the
displacement currents are neglected:

V.B=0 (2.38)
VAE+ioB=0 (2.39)

It is demonstrated using the Hertz potential, which verifies the wave equation in a rectangular
coordinate system, that the transverse components of the electric and magnetic fields (TE and TM
modes) are zero in the direction of propagation (Galejs 1969).
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Fig. 2.24 Topology of the AZ
magnetic and electric
transverse modes TE and
TM with regard to the plane

of separation between two TE mode
media with different
electromagnetic properties. C e

The electric field E and
magnetic field B are
included in the plan of
separation of two media of
different conductivity and
propagate in a plane
perpendicular to the z axis

-

VAB—poE =y, 7T (2.40)

considering a Cartesian coordinate system, and also based on the vectorial decom-
position®® theorem, we form the equation (Chave and Cox 1982):

T=Vo+ VA2 +VAVA((E2) (2.41)

This allows us to write, using the Eq. (2.38) and the above equation, that the
magnetic induction vector is equal to the Eq. (2.41):

B=VAM2z)+VAVA(y?) (2.42)

where IT (the first term) and y (the second term) then respectively represent the TM
and TE modes.

By applying the above equation (cf. Eq. 2.41) to the current source TS and
separating the vertical component of the field such that:

V=13 4+V,T+VA(Yz) (2.43)

where T and Y are functions that satisfy the Poisson equation (see Eq. A2.1.44), we
obtain:

V- 9,7 (244)

and

STheorem for decomposing a vector field in a combination of three scalar fields.
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2 NS AT
iy =—(9,A%) 2 (2.45)

The differential equations for Il and y are obtained by replacing equations
(cf. Eq. 2.42) and (cf. Eq. 2.43) in the equations (cf. Eq. 2.39) and (cf. Eq. 2.40),
leading directly to:

0.11 T
VI 4 caz( ; ) — i® pooll = — pg I3 + o060, (E) (2.46)
and
Vi — io pooy = —pgY (2.47)

where the electric field is then equal to:

. 1 = = 1 =
E:EV/\VA(H%)—;(JZS+VhT)—imV/\(q;%) (2.48)
0

The current source is thus decomposed into exactly two parts: the TM mode with

J5 et V,,T and the TE mode with VA (y2).

At each horizontal border (the roofs and walls of the geological formations), the
limit conditions of the tangential components of the electric and magnetic fields and
those of the normal component of the currents must be checked (Fig. 2.25).

The reader will find in the rest of the description, or in other authors’ books
(Loeset and Amundsen 2007), the field values separated in the TE and TM modes,
this time for different configurations of grounds (oil prospects), calculated from the
above expressions (see Chap. 3, Sect. 5.2).

H H E E
E E H H
H E
E H
TE mode TM mode

Fig. 2.25 Transverse electric (TE) mode and transverse magnetic (TM) mode at the horizontal
interface between two media with different electromagnetic properties for the reflected and
transmitted waves (see Chap. 3, Sect. 3.7)
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Modal Considerations: In-Line and Broadside Array Answer Optimization

In the case where the galvanic effect is dominant, the magnetic field, compared to
the hydrocarbon reservoir, must be transversely polarized (TM). In the TM mode,
the electric field then penetrates into the reservoir under a critical angle, which
allows the electromagnetic wave to propagate all along the reservoir (limit refrac-
tion). Thus, in this way, the reservoir somewhere acts as a kind of a wave guide
(cf. Chap. 3, Sect. 3.10).

— the TM mode then presents the best answer in the in-line configuration.

In the case where the inductive effect is predominant, the electric field, regarding
the hydrocarbon reservoir, must also be transversely polarized (TE). In the TE
mode, the energy is reflected, and is dependent on the source offset. At a certain
offset, the electric field coming directly from the transmitter then predominates
over the one coming from the underlying grounds. This distance then determines
the investigation limit of the method (cf. Chap. 3, Sect. 3.3.2).

— The TE mode then presents the best answer in the broadside configuration.

Geometric Considerations: In-Line and Broadside Configurations

What has been mentioned above and will be developed further in the following

chapters demonstrates the extreme need to realize an effective survey (a collection

of a maximum of useful and reliable information), to place the measuring instru-

ments and the mobile source in a particular manner following specific geometry.
A priori, so far, one of the most effective ways to get the best results is to:

— Have sensors capable of measuring the values of the horizontal transverse
components (T,, T,), i.e., perpendicular between them and placed in the hori-
zontal plane.

— If possible, realize combined measures (electric and magnetic) on these trans-
verse components.

— Place these sensors over a wide operation area.

— Simultaneously realize in-line and broadside measurements, i.e., to move the
source in different spatial configurations allowing highlighting of the different
(galvanic/vortex) effects and modes (TM/TE).

Reciprocity Theorem Consequence

Under the reciprocity theorem (cf. Sect. A2.2), the vertical electric field produced
by a horizontal dipole (HED) is equivalent to the azimuthal electric field generated
by a vertical dipole (VED), and so the HED always generates greater fields for a
given frequency and dipole moment (cf. Chap. 4, Sect. 4.4.4).
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3 Different Methods and Associated Devices

EM seabed logging itself gathers under this generic term a set of somewhat
different methods, techniques and technologies. Using the laws and principles
outlined above, we can roughly distinguish active methods, called controlled source
methods, and passive or telluric natural source methods.

3.1 The Controlled Source Methods

Commonly called mCSEM, these methods use artificial sources of energy, whose
characteristics of power emission and also the frequency can be remotely
controlled. They offer geophysical investigation effective discriminatory detecting
means in the sense that the signals are determined in advance both downstream and
upstream from the acquisition devices, stable over time and therefore clearly
identifiable and recognizable at any time during the job.

Apart from the measurements in the continuous domain, the research performed
with the alternating currents may operate either in the frequency domain (variable
current but continuous during time) and in the time domain (transient variable
current), or simultaneously in the two domains.

3.1.1 Measurements in the Continuous Domain

Measures in the continuous domain were the first techniques to be implemented
from 1930 onwards, first in fresh water. They are still in force for works in maritime
and coastal engineering in shallow seawater. The injected signal is continuous or
better pulsed to reduce the polarization effects on the measuring electrodes when
they are immersed in an electrolyte (seawater).®!

This investigation technique, which can be performed at constant depth (profil-
ing) or variable depth (sounding) is designed to assess the thickness of the conduc-
tive layers (marine sediments, vases, etc.) overcoming a resistive horizon
(or bedrock) of which the lower limit is often considered infinite. This device is
particularly sensitive to vertical resistivity contrasts. The common equipment
consists of a flute (a multistrand cable dragged along the seabed), more rarely
with a streamer (floating cable) supporting the injection current and potential
receiving electrodes.

The data interpretation is then performed:

$!Electrochemical reactions that create potentials occur at the electrodes. For a pair of electrodes,
the potential differences may exceed the wanted values.
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— Either by solving the forward problem using very simple methods such as the
one with electrical images (still in force despite its seniority) or by solving
analytically the Laplace equation, or more recently by using numerical methods
for geological structures that are a little more complicated geometrically.

— Or, if we have additional qualitative and even better quantitative information, by
solving the inverse problem (data inversion processing) for more complex
environments.

The results are then presented in the form of profiles (dragging) or resistivity
sections (sounding with expanded spreads) or both of them (electrical panels). As
noted previously, the use of DC in an aquatic medium®” is limited in lateral
resolution (Telford et al. 1983), investigation depth and also water depth. For
these reasons it is preferred to employ the variable current methods usable in the
frequency and time domains.

3.1.2 Measures in the Frequency and Time Domains

The frequency and time domains are equivalent. In these domains the waveforms
correspond to a permanent periodic signal, sinusoidal or nonsinusoidal (square,
rectangular, triangular, etc.). Whatever, the signals are generally described by their
amplitude and phase or by a specific wave signature. One of their particularities is
that the delays in the time domain are related to phase changes in the frequency
domain.

The work frequencies, modulated or not, can be on a broad spectrum, limited in
one part by the conductivity of the crossed media (a skin effect) and secondly by the
desired spatial resolution. The interpretation of the field data (forward problem) is
performed by solving the diffusion equation in the frequency domain (®):

V2E — iopo E=0 (2.49)

or if necessary in the time domain for complementary studies of the phase, the
passage from one to another theoretical expression then being performed by the
Fourier transform. The results from these models are then in the form of 2D models
or 3D maps.

3.1.3 Measures in the Transient Domain
In the strictly temporal or transient domain, abbreviated as tmCSEM, the principle

consists of continuously transmitting to the ground, via the transmitter, a large
energetic sequence limited in time (a pulse or sweep)® perfectly identified (Ursin

62y s . s . :
This is not the case in surface prospecting (in an air medium).

%3The pulses and sweeps are among others characterized by a rate or a recurrence frequency (time
between the emission of two consecutive pulses).
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1983)%* and then receiving the signal backscattered on judiciously placed recep-
tors.% In this case, there is no primary field; the received signal is measured (with
continuous pulse sampling) after the emission. An another advantage is that a lot of
signals can be stacked (i.e., a summation of the responses during a determined
sequence) to reduce the ambient noise. Anyway, it is more difficult to design
circuitry for transient signals than for sinusoidal waveforms including those of
the frequency bandwidth (a wide band pass) and the variable field adapted recur-
rence frequencies.

One other technique (Thomsen et al. 2007), also widely used in seismic reflec-
tion, is particularly suitable for the detection of lateral resistivity contrasts and can
be conducted by means of digital signal processing very efficiently, and now tested
by a correlation technique. The transit time, i.e., the time it takes for the signal to
pass through the various environments, directly depends (a linear function) on the
nature of these surroundings. The higher the resistivity, the shorter will be the time
of flight (ToF) of the reflected or refracted wave.

In a homogeneous and isotropic medium, for a simple reflection, the theoretical
path of the wave by applying the Pythagoras theorem is:

R=Vec+1? (2.50a)

where ¢ is the arrival time of the event, ¢ is the propagation speed®®, i.e., the signal
displacement speed, also called the group speed (see Chap. 3, Sect. 4.4.1), and L is
the offset distance (S/R) (see Fig. 2.26b).

Due to the dispersive nature of the phenomenon, it is necessary to add to this
path a value Ry. This one is defined from a value of speed ¢ (see Chap. 3, Eq. 3.60),
calculated from a reference frequency (wg) centered in the reception band, such as:

%4The study of pulse propagation, even brief, shows that it is not inconsistent with the formulation
of the skin depth (see Chap. 3, Eq. 3.21). This is explained by the fact that the very high attenuation
is related to a large dispersion rather than to energy absorption (see Sect. 2.5.9).

S5This is probably the first physically interesting concept described in electrical prospecting, in
1907 (Lowy and Leimbach 1911; Lowy 1912), which used radio wave reflection on conductors of
electricity (minerals, groundwater). At the time, the authors of the patents could not claim that they
precisely measured the transit time (because of an unreliable time base: quartz had not been
discovered yet). They proposed then to precisely evaluate the depth of the mirror from the
evaluation of the interferences caused by the juxtaposition of the waves transmitted directly
from the transmitter and the reflected waves from the reflecting surface (Lowy and Leimbach
1912). It was with the arrival of geological radar (100 MHz to 2000 GHz) in the 1980s that the
technique became effective, despite some interesting proposals in the 1940s (Horton 1946).
S6That is, the displacement speed of the signal (speed group). The first experiments on the
determination of the velocity of electricity propagation in water were due to the physicist
M. Wheatstone (Blavier 1857).
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Fig. 2.26a Centering in
reception (amplitude wave)
of the frequency g in the
spectral band for a receiver
(R) (According to Thomsen
et al. 2007)

Energy envelope

Amplitude

Frequency

Fig. 2.26b Details of the
BP patent showing the
acquisition principle in the
time domain (t-mCSEM).
Technically comparable to
the seismic reflection where
the receptors R are located
on the bottom of the sea and
the source S is mobile
(According to Thomsen

et al. 2007)

Temps (s)

2
Ro=\/R2+1? with co= |2 (2.50b)
HoG

Knowing ¢, L (measures) for each receiver and c (cf. Chap. 3, Eq. 3.61), and the
energetic envelope of the signal (cf. Fig. 2.26a), i.e., oy, (— ¢o), then we can know
the depth of the hydrocarbon reservoir (cf. Fig. 2.26b).

The treatment can be realized as in seismic reflection (Mari et al 1997) especially
in using offset compensators67 (reflected waves), in pointing the first arrivals (time),
in stacking68 (amplitudes) and convoluting the waves® (1, 2, 3, etc.) with the

S AVO type (an abbreviation for amplitude variation with offset). This changes, in reception, the
amplitude as a function of the distance from the EM source; this is different from VGA (variable
gain amplifier), which does not take into account the offset source.

8Signal summation operation on the same acquisition channel to enhance the amplitude.
Most measuring instruments, due to their metrological imperfections (presence of a
convolutional noise in the sensor) often provide blurry, distorted or degraded images of the studied
phenomenon. The convolution operator, which can be compared to a mixer function, is therefore
intended to restore and reconstruct by the calculation a sharper image of the target.
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source signal (frequency) then, if appropriate, in migrating (phases) these answers
(see Chap. 5, Sect. 5.5.1).

In heterogeneous and anisotropic media, the relations are then more complex
and can be determined by modeling. This’® and the interpretation of the data that
follow can be realized either:

— By numerical methods in calculating the solutions of the diffusion equation in
the time domain

— By inversion data methods, combining the direct digital models (previously
mentioned) with deterministic and/or stochastic optimization processes

The results of these models are also in the form of 2D or 3D maps for compli-
cated cases.

The waves in marine sediments and hydrocarbon reservoirs “move” at different
speeds. Provided we obtain a critical angle, the velocity field can then be studied in
refraction (cf. Fig. 2.26b).

3.2 Controlled Source Techniques Under Development

We are currently studying different instrumental topologies allowing either
improvement of the performances of the method, especially the investigation
depth, the accuracy and the resolutions (Bgrven and Flekkgy 2009), or increases
in the efficiency (Werthmiiller et al. 2014) and the quality of the survey (curtailment
of the duration, diminution of the operational resources, etc.) especially in shallow
water (Ziolkowski and Wright 2008). This concerns, for example, the cases of:

— The power emission by vertical electric dipoles (VED)

— The reception of the vertical component of the field

— The simultaneous displacement of the power source and the field receivers (in a
streamer)

— The use of transient currents (t-mEM or mTEM)7l and multitransient currents
(mMTEM)

— The use in addition of downhole sensors or logging tools

— Or the use of combined transient/frequential techniques (Strack 2009)

According to the authors of these studies (Edwards 2005; Scholl and Edwards
2007; Stalheim and Olsen 2008; Holten et al. 2009; Fan et al. 2012), these devices
then would present increased sensitivity compared with the actual techniques but
would however require for the last one (a streamer) significant miniaturization of
the field instrument. This one is only possible with a new measurement technology

"The most rigorous approach to study the wave propagation (without the source), and more
particularly the reflection phenomena, remains solving the wave equation.

"'For the marine transient electromagnetic method.
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and especially the invention of new electrometers with a very small dimension and
high sensitivity. Assuming that the difficulties with the quite complex correction
systems are overcome, these technologies could in the near future replace those
proposed currently (cf. Chap. 4, Sect. 5.4).

3.3 Telluric Source Methods

Very often, to compensate for the lack of power of the artificial or controlled source
methods, and to increase the investigation depth, we substitute for those methods
the telluric source methods, which are lighter to implement because they do not use
a source to tow. These techniques, used in early academic research and sometimes
in applied geophysics (geothermics), have been receiving renewed interest in recent
years and are currently under development in the oil industry.

The telluric (electrotelluric and magnetotelluric) methods use natural
exogeospherical and endogeospherical excitation sources, inducing in the ground
wandering’? currents, which flow through the earth lithosphere’” over large areas.
These currents, of very low frequencies, which continuously move across the globe,
are partly due to solar activity (magnetic storms associated with solar flares) and to
some causes internal to the planet and still poorly identified (Kaufmann and Keller,
1981).

The great period of these currents allow us to explore important depths of ground
(a reduced skin effect), which predestined these techniques early in their use to the
study both onshore and offshore of the deep composition of the earth’s crust. These
methods employ identical sensors but with more complex electronics taking into
account the spectral diversity of the measurements (large frequency bandwidths).
Compared to the control source methods, the telluric methods (especially mMT)
have not the resolution of the mCSEM and cannot be used to directly detect
hydrocarbons but can help to delineate geological trap structures, particularly
below salt domes, and to survey specific reconnaissance.

3.3.1 Electrotelluric Method

The telluric current content in a frequency allows us to investigate the geological
layers of variable depths like artificial source electric soundings, for which current

72Not be confused with industrial and entropic type currents (60 Hz), which also circulate in the
subsoil.

73The existence and movement of telluric currents were first suggested by Sir Humphrey Davy in
1821, reinforced 10 years later by the studies of Faraday, evidenced in English telegraph lines by
Barlow in 1847 (Rooney 1939; Rougerie 1942; Cagniard 1956) and confirmed a few years later by
Matteucci (Matteucci 1862) and several years later calculated by Lamb (1883). The first system-
atic observations date from the late nineteenth century at differents observatories (Monaco, Berlin,
Greenwich, Parc de St Maur, Ebro, Pavlovsk, etc.).
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injection devices can be expanded up to a certain limit (Cagniard 1956;
Berdichevsky 1965; Keller et Fischknecht 1966). However, with this passive
method, we do not reach the vertical staggering of the rock formations, but the
horizontal variations due to the structures.

The electrotelluric method has not a priori been used as such at sea for the
purpose of prospecting or even observation in earth physics.”* However, some
experimental studies have demonstrated the effectiveness of this method, which
has not yet been used in prospecting activity itself, supplanted at this time by the
magnetotelluric methods. Indeed, these last methods allow more refined quantita-
tive analysis (theory) using simultaneously and jointly electric and magnetic data,
and also accept anthropic currents.

3.3.2 Magnetotelluric Method (Strict Sense)

Very little work has been carried out on the opportunity to explore using a magnetic
method in the strict sense because the magnetic fields associated with telluric
currents are very weak (cf. Appendix A2.3). However, some tracks have been
explored. This is the case, for example, of the measurement of the total (cf. Fig. 2.27)
and transient magnetic field gradient,”” developed in the 1970s by Russian
(Trofimov 1975) and French teams (Mosnier 1970; Durand and Mosnier 1977)
from facts observed in the 1950s in Germany (Meyer 1951; Bartels 1954; Kertz
1954; Wiese 1954, 1962, 1965; Siebert 1958) and Japan (Rikitake 1950; Rikitake
et al. 1952).

In an observation point P, the varying magnetic F field at time ¢ can be
decomposed into two separate fields, one normal E,, corresponding to an isotropic

ground or to a distribution of layered resistivity, the other one F, abnormal, created
by lateral inhomogeneities (Schumcker 1970). Then we have:

"Method and techniques invented in the late 1930s by the Schlumberger brothers (Conrad and
Marcel) and their collaborator Georges Henri Doll and developed particularly in France, North
Africa and Italy in the years 1940-1950 by the Compagnie Générale de Géophysique (Migaux
1948). The method was to simultaneously measure the temporal variations of the values of the two
horizontal components of the electric field, between a fixed base (Ex, Ey) and a mobile station (E’x,
E’y). The comparison of these different records then provided information on the current circu-
lation between the base and the different positions of mobile stations. This could then be related
more or less directly to the underlying geological structure (between the base and the stations).
This technique was unable to be further developed in the USA, the largest market for oil at this
time, and dwindled despite some success (discovery of the field of Saint Marcet in France and of
Hassi Messaoud in Algeria). Furthermore, it is surprising that there are only two books in foreign
languages, devoted to these techniques (Porstendorfer 1961; Berdichevsky 1965). For more details
(history) see Appendix A2.4.

7>More commonly called deep geomagnetic survey (Wait 1982; Berdichevsky and Zhdanov 1984),
using long period magnetovariational fields (geomagnetic deep sounding or GDS) according to the
discovery of geomagnetism induction in the nineteenth century (Schuster and Lamb 1889) and the
Gauss separation mathematical technique (Gauss 1839).
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Fig. 2.27 First submarine
optical pumping
magnetometer for total
magnetude measurement of
magnetic field (Ecole
Normale Supérieure of
Paris, Mosnier 1970)

E(P,1) = Fu(P, 1) + Fy(P,1) (2.51)

Theoretically, we cannot therefore distinguish at one point the anomalous field.

However, if a differential measurement is performed between two points that are
geographically invariant, it is then possible to isolate this anomalous field. For
example, studying the polarization of the horizontal field components in perpen-
dicular directions, then it is possible to separate the time and space variables. This
then allows the detection of lateral conductivity anomalies. In this case the scalar
magnetometer cannot be used.

In practical terms, this method uses moving magnet variometers able to move
around a vertical axis (« rotation) to measure horizontal components: D-meter and
H-meter (cf. Chap. 4, Sect. 5.7.3). It is then easy to establish the relations that link
the variations of the transient fields Xt and Yt to the north—south Ht and east—west
Dr variations, such as:

Ht = Yrcosa — Xt sina
(2.52)
Dr =Xrcosa+ Yrsina

Today, to know the deep layers of the crust and for shorter period currents we use
triaxial tilt-compensated fluxgate magnetometers (Berdichevsky et al. 1984; Tarits
1986).

We would like to remark that in a large, highly original theoretical study in the
1950s the use of displacement of magnetic storms on a large scale was proposed as
a source of underground investigation. The author (Matschinski 1952, 1955), by
considering a theoretical tri-sheet-like model (ionosphere, atmosphere, land) with
use of Maxwell’s equations, proposed the possibility to practically use
(in prospecting) the propagation velocities of magnetic waves at different
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frequencies, expressed in the form of tensors to precisely represent the geological
underlying structure.

3.3.3 Electromagnetotelluric or Magnetotelluric Method (Broad Sense)

It was the German geophysicist Johann von Lamont who in November 1859
realized the first electromagnetotelluric terrestrial survey from telluric and
magnetic recordings made simultaneously at the Astronomical Observatory in
Munich (Lamont 1862). At the time, his calculations of the thickness of the ground
were only based on a galvanic approach (DC interpretation analytical model), but
the author, for lack of a better theory, already evoked an inductive response, as
Maxwell’s equations had only been published in 1865.7° It was then the physicist
J. Terada who, by measurements of electrical and magnetic fields, linked these
variations with the conductivity of the subsoil (Terada 1917).

Most electromagnetotelluric methods, more commonly known as
magnetotelluric methods,”” (MT for short) are based on the study of the relations
between the tangential components of the horizontal electric field E, (the TE mode)

and the horizontal magnetic field ﬁy (the TM mode) on the soil surface (Simpson
and Bahr 2005). The ratio of their energy, which largely depends on the electrical
structure of the subsoil in the different spectral bands, is determined by the
distribution of the resistivities as a function of depth.

This method was proposed in the 1950s by Professor Tikhonov (from the USSR)
who showed that at low frequencies, the amplitude of the derivative of the magnetic
field component H, is then proportional to the orthogonal component of the electric
field E, (Tikhonov 1950). In the same period’® in Japan, the physicists Kato, Yocoto
and Kikuchi associated the period of the electromagnetic phenomenon with the
conductibility of two successive layers by introducing phase measures (Kato and
Kikuchi 1950). In France, Professor Louis Cagniard, assuming a plane wave telluric
field (the concept of the remote source), developed a mathematical formulation
between the E, and H,, fields, thus introducing the MT methodology to the rank of a
prospecting technique on its own (Cagniard 1953a, b, ¢).”’

76 After this date, the English physicist George Biddell Airy, one of the fathers of the theory of
isostasy, from recordings made at the Astronomy Observatory in Greenwich, clearly showed the
relation between telluric currents and changes in magnetic fields (Airy 1868).

"The electromagnetotelluric name, to our knowledge, has hardly ever been used: we prefer the
contraction “magnetotelluric’—an expression created by L. Cagniard in 1950, which may lead to
confusion with the purely magnetic methods.

78It was at this time that the first studies of the deep layers of the Earth were conducted (Rikitake
1950).

" Thereafter, we owe to various foreign scientists the unification of the theories of interpretation
(stratified media, heterogeneity), by a single theory of the telluric and magnetic associated waves
(Sejman 1958; Berdichevsky 1961). Today, the theory developed by Tikhonov and Cagniard
considering a plane wave source is partly questioned for earth physics (Chave and Jones 2012).
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The MT method is based on the simultaneous measurement of micropulses™
(less than 1 Hz) of the terrestrial electric and magnetic fields in phases and in
different bands or frequency spectra, the lowest of which correspond to the deepest
investigations (a low skin effect).

MT is probably the most elegant geophysical technique and the most elaborate
that has been developed until today. Unlike electrotelluric methods,®" it does not
need a base station and thus records in a continuous regime. Convenient to
implement and light (no source), it allows us to explore both subsurface areas
(MT audio) and deeper areas of the lithosphere (ULF-MT).

At the theoretical level, from the Maxwell equations, concerning the intensities
E and H of the electric and magnetic fields on their respective transverse compo-
nents x for E and y for H, and also knowing the permeability of the media p (usually
equal to pp), we extract, according to the different selected frequencies (w), the
variations of the apparent electrical conductivity o, of the subsea medium, such
that:

H 2
md (2.53)

ca(@) = o E.

where the ratio H,/E, represents the admittance for a tabular structure (the inverse
then corresponding to the impedance).

Thereafter, Professor Cagniard and his colleagues gave this method several
controlled source variants intended for marine exploration (Cagniard 1953a, b, c;
Cagniard and Morat 1966; Morat 1970).

Quite rapid development by the USSR took place in the Caspian Sea
(Sochelnikov 1977). In the early 1970s (Hermance 1969) and 1980s, the method
was further developed by Professors Jean Filloux®? (1980, 1982, 1983) and Alan
Chave (Chave et al. 1991) in the USA, and a few years later by Professor Tarits in
France (Tarits 1986).

General Theory of the mMT Method

This very general theory is to obtain from the electric and magnetic field amplitude
measurements, the apparent resistivity of a homogeneous and isotropic medium
(Patra and Mallick 1980).

The calculation of the apparent resistivity in the marine MT (mMT) context, for
a laminate subsoil in a marine medium, is solved in Appendix AS5.5 of Chap. 5.

80These latter include ongoing, regular and sporadic variations. The name “pulse” was given in
1897 by Van Bemmelen to the small rapid variations of the magnetic earth field (Coulomb 1954;
Selzer 1972).

81See Appendix A2.4.
821n the 1960s, MT investigations were conducted on the California coast (Filloux and Cox 1964).
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From the Maxwell equations, we can form the wave equation such as:

Ve ol s i (2.54)
RO TSR '

Assuming that the components of the electric field €, and €. are zero as the
derivations (0/0x = 0/0y = 0), the above equation with x is then written:

%8, 08, 0
—5 = 60— —— 2.55
R TR T2 (2:55)
Under these conditions, in the frequency domain, the value of the electric field E,
varying harmonically satisfies, for z (depth), the equation:

d’E,(z)
? = knEx(Z) (256)
where kﬁ = iop(o + iwe) is the wave number in the considered n medium.

The solution of this equation, for Re (k) > 0, is of the general form:

E.(z) = Ae** 4 Be ™™ (2.57)

where A and B are some constants dependent on the rocks electromagnetic proper-
ties, evaluated as a function of the limit conditions, in particular those concerning
the continuity of the tangential components of the electric and magnetic fields at the
interfaces separating the different soil layers.

In a homogeneous medium, the field E, disappears when z tends to infinity.
Under these conditions, the constant A becomes zero, and then only the second term
remains, where:

E,(z) = Be " (2.58)

If we now consider that E, generates a magnetic harmonic field H, orthogonal to E,,
we have the relation (Fig. 2.28):

V A H, = Hoexp(ior) (2.59)

H E
y/A/l\Ax

-

Fig. 2.28 Picture to express the relation between the electric field E and magnetic field H
generated in the chosen axis system (x, y, z)



3 Different Methods and Associated Devices 109

Since the vertical component of the magnetic field H, does not exist, according to
the Maxwell equations, and assuming that p = p, (nonmagnetic areas), we thus
obtain:

VAE= —iop, H (2.60)

which gives:

‘X

0z

= —iopyH, (2.61)
By differentiating the Eq. (2.58) we have:

H,=_—Be ™ (2.62)

Finally, by forming the ratio of the two fields, an impedance known as Cagniard
impedance is defined for the n layer such as:
E, oy,

Ly = — = 2.63
Y Hy kn ( )

At low and very low frequency, when kﬁ = iopyo, the impedance of Cagniard
reduces to:

Z = Jopp, e™/* (2.64)
The apparent resistivity p, and its apparent conductivity o, are then derived as:

2
or o, (0) = wy,

1 2

Pa (®) = ——
(0 = o

E;

H,

H,

B (2.65)

In fact, for horizontal layers (where H, = 0), these equations are substituted by the
following relation:

E.|2

p, =0,2T

(2.66)

where T is the period of the telluric currents.

For investigations at sea, Professor Cagniard (1953a, b, c) offers, for an electrical
device laid at the bottom of the sea, an expression of the apparent resistivity p, and
the apparent phase ¢ (the phase shift between E and H) such that at a depth h as a
function of & we have:
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Fig. 2.29 Principle of
marine magnetotelluric
detection by simultaneous
measurements () in phase
and amplitude of a magnetic
field H (magnetometer) and
an electric field E
(electrometer) in
perpendicular directions

x and y (horizontal plane)

(Ex), —in/4h
_ 270 s (E,), smh(\/—e &) . 1
1(1) )2
VPa® \/Te . E : ‘cosh(\/—e""“h) with &= 7 \/10p, T (2.67)

More interesting information on the theoretical basis for electromagnetic induction
are given in the book (Chap. 3) by Professors Alan D. Chave and Alan
G. Jones (2012).

mMT Practical Prospecting

Obtaining the resistivities of the different layers, taking into account the water
column, can be conceived in different ways. An example of analytical calculation
can be found for 1D tabular models in the Appendix AS5.5. Other authors, to locate
subsurface heterogeneities, presented more elaborate theories with 2D models
(Jegen and Edwards 2000).*?

In practical terms, the survey mMT consists in a very general case of:

— Measuring and recording together the components E.(r) and B,(7) or E(¢) and
B.(1)

— Subjecting the records to a spectral analysis to deduce, for the different frequen-
cies (), the value of the impedance Z(w)

— Reversing Z(w), at different depths z, to obtain the layer’s resistivity (Fig. 2.29)

The mMT method generally allows us to define with reasonable accuracy the
total conductance®® of the sedimentary rocks. This, when several fields overlap, is
equivalent to the sum of a part of the partial conductances of these fields. Therefore
it can be assumed that any relatively large variation observed in the conductance

81n this article, the authors give a complete theory of the physics of the MT method in a marine
environment (mMT).

84n mMT we call the total conductance of the grounds the ratio of the overall thickness of the
grounds #;, on the apparent resistivity (7, /p).


http://dx.doi.org/10.1007/978-3-319-45355-2_3
http://dx.doi.org/10.1007/978-3-319-45355-2_5

3 Different Methods and Associated Devices 111
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may have its origin either in strong local thickness variations of the grounds, or in
the presence of conductivity anomalies induced by the presence of a hydrocarbon
Ieservoir.

The indeterminacy can rise quickly when we have enough information about the
variations of the thickness of the geological layers, i.e., when we have in particular
a seismic survey that accurately determines the structural geological environment.

The geoelectric conditions favorable to the detection and to the study of oil
reservoirs are defined in relation to the electrical characteristics of the reservoir, i.e.,
in this case the resistivity (see Chap. 3, Sect. 2.1.3). Above 1 Hz the technique is not
applicable beyond 1000 m water depth. It is for this reason, among others, that the
mMT method is used at frequencies below 0.01 Hz up to periods T of several
minutes.

The mMT survey is particularly suitable for the exploration of deep structures,
for areas where there are seismic masks (sub-outcropping limestone slabs, basalt
plateaus, salt domes, karsts, anhydrites, evaporites, carbonates, rock with gas, gas
hydrate recovery, etc.) and any other configuration with resistant horizons or
heterogeneities. The mMT technique is sensitive to lateral facies variations
(Fig. 2.30).

At the operational level, the mMT method is easier to implement than other
techniques (no artificial source to deploy, less bulky receivers for the expected
investigation depths) and can provide more comprehensive results by adapted
treatments. This was the case, for example, for the Russian research that developed
this method more specifically for offshore use (Berdichevsky et al. 1989) with
treatments by inversion (Berdichevsky and Dmitriev 2002, 2008) and for its use in
the USA to image salt deposit structures (Hoversten et al. 2000; Key et al. 2006).

A variant of the mMT method was proposed in the 1970s in France (Duroux
1974), which was identical in all aspects to that of L. Cagniard, this time replacing
the natural source with an artificial source (a magnetic vertical dipole).

mMT is, for now, still the most interesting method of investigation EM in earth
physics and especially in tectonophysics (Ferguson 1988).
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3.3.4 Spontaneous Polarization Method

In the industry of downhole logging (well logging), recording the spontaneous
polarization (SP) inside an oil well as a function of depth (SP log) played a key
role in the oil industry in addition to the log resistivity® in the in situ detection of
hydrocarbons (Pirson 1981; Desbrandes 1982; Serra 2004). One would think that
this property of the geological layers despite a different investigation configura-
tion (missing hole probe, but presence of the fluids migration) would have
attracted the attention of researchers, but in fact very few experiments have
been conducted in the seabed. We can however note a few studies (Corwin et al.
1970; Corwin 1973, 1975) and those done later by the Scripps Institute (Heinson
et al. 1999).
The appearance of the SP is concomitant with several separate phenomena:

— When two media with different electrolytic properties are in contact. This is, for
example, the case with seawater and marine sediments whose respective elec-
trical redox potentials vary from +200 to +400 mV and —100 to —200 mV.

— When an electrolyte passes through a porous layer. This is the electrofiltering
potential, which results in the creation of the electromotive forces at the inter-
faces, translatable into a potential difference of up to several tens of millivolts.
This effect is particularly marked in the borehole (vertical phenomenon), in
the presence of differential pressure, or more generally in the presence of a
topographic relief (a horizontal phenomenon present during a surface onshore
survey). If this effect can occur laterally, due to the flow of some fluids through
faults, for example, it is then possible to imagine seabed devices able to detect
hydrocarbons. Yet the question remains.

— When an electrically conductive object passes through geological layers of
different electrolytic properties with differential aeration (caused by a hydro-
static level, for example). This results (the self-potential mechanism) in the
creation of current per ascensum (a galvanic cell) detectable on the surface by
potential differences at the apex of the anomaly (Telford et al. 1978).

The detection of the SP is one of the simplest techniques, at least in principle and
in practice (Brewitt-Taylor. 1975). It requires virtually no specific and elaborate
instrumentation, and can amount to a continuous electronic voltmeter with high
input impedance completed sometimes by a rejection filter (60 Hz and har-
monics) and a bottom line equipped at these extremities with two unpolarizable
electrodes (Ag/AgCl). In contrast, the interpretation is much more difficult to
achieve.

The authors of various studies on the subject have highlighted quite a number of
ghostly geological anomalies without giving their causes and much less their
origins, roughly correlatable with those recorded by a magnetometer immersed

8Including the distinction of permeable horizons in impervious areas.
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on the surface. Yet this type of investigation has had no industrial application
itself.*®

With a greater chance of success, the method could also be used in metalliferous
deposits in underwater exploration (deep-sea mining) or in the detection of sub-
merged and/or partially buried metal bodies, or even of any other polarizable metal
structure with the faculty in its immediate environment to establish a localized cell
effect. In these cases, the interpretation is then relatively easy.

3.4 Comparison of the Main Methods

DC technics, currently used on the seabed, can only be a priori applied to isotropic
and laminated structures (tabular models with horizontal to subhorizontal
monotonous layers) and are therefore primarily used in profiling and survey.®’
However, these methods are not suitable for detecting even less locating transverse
conductivity contrasts with lateral limits (integrative method — no directivity).
Finally, DC methods have the sensitivity of the so-called potential methods (gravity
and magnetic technics)—relatively low compared to that of variable current
methods (cf. Chap. 5, Egs. 5.6, 5.7, and 5.8).

To meet these discovery requirements, the measurement of transverse fields of
the variable currents seems the most interesting solution to the problem of detection
and location of marine subsoil heterogeneities. It provides a certain directivity and
moreover may in contrast to DC methods directly evaluate the magnetic field
associated with the currents that flow in the subsoil.

However, regarding the quantities of hydrocarbon deposits, with the significant
surfaces to explore, field excitation as uniform as possible is then required. It can
only be produced by an ad hoc mobile source, sufficiently homogeneously
sweeping the whole surface of the prospect, or by a telluric source of regional
extent, this one then offering only limited opportunities. Using the displacement
of a great width magnetic source such as that advocated by Dr. Matschinski could
also be interesting for certain types of prospect (see Sect. 3.3.2) (Fig. 2.31,
Table 2.2).

We can note that the greatest depths of investigation are obtained by geomag-
netic surveys.

81n earth physics, it is planned to use, among others, measures of SP on the midocean ridges
(hydrothermal vents) to determine the dynamics of the system (the Elecmomar project).
87Practically, the devices “at the bottom” (cables or flutes) or surface (streamer) used in these
methods (DC) are limited by the variability of the submarine relief and by the bathymetry. The
latter do not allow investigations in a large immersion under a great water depth. It is for this
reason that these techniques are mainly used in the field of geotechnical engineering, civil
engineering (harbor) and coastal geology.
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(b)

Fig. 2.31 Complete seabed logging survey (nCSEM and mMT) in action. (¢) Controlled source
device (mCSEM). As the EM transmitter goes by, towed by the boat, the electric field transverse
components are measured by a plurality of field sensors (electrometers with two or three compo-
nents) arranged on the bottom of the sea. (b) Telluric source device (mMT). The source is natural
(magnetic storms, atmospheric electric discharges). The measurement and recording of the
components of the electric and magnetic fields are carried out on a frequency spectrum that is
more or less wide depending on the desired depth of investigation

Table 2.2 Summary and comparison of different seabed logging methods

SBL methods mDCS! mCSEM? mMT?

Type of investigation Artificial currents Artificial currents Natural currents

Method Active Active Passive

Nature of the current Continuous (=) Alternative LF Variable VLF
(0.1-10 Hz) (<0.1 Hz)

Precision In depth (2) In depth (z) and In depth (z) and
laterally (x, y) laterally (x, y)

Sensibility (horizon) Conductor Dielectric Conductor

Resolution Low High Middle

Investigation depth*

Low (decametric)

Middle (hectometric)

High (kilometric)

Bathymetric limitation

Little water depth

No limitation**

Little limitation**

Geophysical application
(scale)

Apparent resistivity
(littoral)

Resistivity contrast
(reservoir)

Structure and
lithology (basin)

Means to implement

Low (light boat)

Very important
(offshore boat)

Important
(offshore boat)

Marine direct current sounding
>Marine controlled source electromagnetic

3Marine magnetotelluric
*Actually accessible

**Impractical in little water depth
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For now, and for the reasons explained above (cf. Sect. 3.4), exploration is carried
out by devices with fixed receivers and a mobile transmitter. This is not then
without consequences for the shape of the signals picked up by receivers at greater
or lesser distances from the emission sources.

Apart from the conventional attenuation phenomena, due to the dispersion of
electromagnetic waves and their absorption by the medium, and the presence in
receipt of direct waves, the signals will also undergo alterations and distortions
essentially due to:

— The more or less stratified nature of the propagation medium inducing reflection
and refraction phenomena, or diffusion and diffraction on the different interfaces
(air, water, sediments, reservoir)

— The differential removal of the source from the receiving devices, and it will be
all the more important that the different measurement channels are large

4.1 In Terms of Time: The Phenomena of Reflection/
Refraction

Overall, the information recording is performed in a conductive medium that is not
homogeneous. It consists of a succession of strata of very different resistivities
where the propagation of electromagnetic waves is carried out accordingly with
different velocities (see Chap. 3, Sect. 4.1).

The energy at the level of the source radiates in virtually all directions and will
therefore generally be redistributed on different interfaces either by reflection or by
refraction. Obviously, during a survey only the energy emerging from the reservoir
is to be considered and the energy of the waves reflected and refracted by the
discontinuity surface water/air should not be taken into account. This is for example
the case in prospecting in a low water depth where this phenomenon is particularly
important and where a separation of the signals (up and down) is then necessary.

4.2 In Terms of Frequency: Limitations Due to the Offset

If we now focus on the distance between the source and the receptors (offset), when
it reaches values of the order of magnitude of the wavelengths in use (1.5 km to
20 km approximately), it causes along axes Ox, Oy and Oz some significant
amplitude differences (I,, Iy, I.) and phase differences (¢, @,, ¢.). These gaps are
also sensitive to the orientation and dimensions of the vector sensors, as well as to
the frequencies (wavelengths).


http://dx.doi.org/10.1007/978-3-319-45355-2_3
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In this case, for a current of emission form coswt, of initial intensity I, such that:
Jo =Tpcos ot (2.68)

the three components of the current density (it is the same for the field) for a given
remote point with coordinates (x, y, z) are equal under these circumstances:

Je =T,cos (wf — @)
Jy =Tycos (of — ) (2:69)
J, =1c.cos (ot — @,)

values that then introduce biases in the evaluation of the current densities and thus
in the evaluation of the electric and magnetic fields (amplitude and phase offsets).

4.2.1 Amplitude Offset: Limit of Detection

Some studies (Eidesmo et al. 2002) showed that the acquisition data (especially the
amplitudes of the electric fields), for large offsets (>4 km), were lower than the
synthetic answers (1D modeling with HC) and that in these conditions they could
possibly be confused with a geological model without HC (cf. Fig. 2.32).

At these “extraordinary” distances, these disadvantages are raised if the trans-
mitter and the receivers move simultaneously, i.e., when they are together. This
configuration requires, however, an increase of the intrinsic dimensions of the
acquisition devices (a streamer, for example).

4.2.2 Phase Offset: Phantoms?

The phase offset is essentially due to the space orientation of the sensors, which is
different, which we do not control during the installation of the instruments and
which can be ignored during the acquisition.

During each period the extremity of the vector T with rectangular components
(Jx, Jy, J.) no longer describes a straight segment of a sinusoidal motion,®® but an
ellipse then comparable to the phase shifts maybe due to induced effects expressed
as a phantom reservoir.

To overcome this major drawback, some authors (Mittet et al. 2007) propose
embarked correction algorithms taking into account the instrumental positions,
environmental characteristics and operational parameters (see Chap. 4,

881t is the same for the electric field components.
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Sect. Phase Corrector (Offset and Orientation Effects) in addition to the values of
the electric and magnetic fields measured under certain conditions.

4.3 Problem of Anisotropy and its Treatment

It goes without saying that a method sensitive to lateral conductivity will inevitably
be sensitive to the transverse anisotropy of the geological rocks and layers. We can
then treat the forward problem as a special case of the isotropic problem (Newman
et al. 2010)—that is, if:

— we consider that the conductivity can be put in the form of 3 x 3 matrices,
— we can set then some particular limit conditions (Dirichlet conditions for the
conductive anomaly).

In this case, we have for the electric field (E —F + I:fb), the equation:

—b

VAVAE +iopy6E = —io py(6 — o) E (2.70)
with as a conductivity matrix ¢ and anisotropy matrix ¢":
onh 0 O o 0 O
6=|0 o, O and 6"=|[ 0 o 0 (2.71)

0 0 o, 0 0 of
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where o}, and o, are respectively the conductivities in the horizontal and vertical
planes.

The inverse problem™

is then solved by considering the forward problem

. i . . . C b:
solutions d’ and by comparing these solutions with the data acquisition d”” such
that we have for the values of the horizontal my and vertical m, gradients the
equality:

-

¥ g (iTin, fy) = —Re{(DJT) D (a‘P - a"“)*} (2.72)

expression which then requires a Jacobian matrix J© taking into account the
horizontal and vertical conductivities.
The anisotropy effect is obtained:

— Considering the error minimization function @, such that:

o-yp(@-a) " {p(@-7))

; (2.73)
+ 5xh{Wrﬁh}T{wlﬁh} + 1/20,{Wm,} {Wmi,}

where D, W are respectively the matrix regularization (compensation of noise

. . . . 2
measures and compensation approximations of the Laplacian operator V
numerical resolution) and A, , parameters of horizontal and vertical regularization.

— Then applying the additional stress my, > m, or my = am, with 0 < a < 1

3D imagery allowing us to highlight the anisotropy and isolate it uses the in-line
and/or broadside array data. It can be done using a finite differences code (forward
problem) and a reverse approach by least squares or other methods (Morten et al.
2010; Ramananjaona et al. 2011). This numerical investigation requires significant
computing means (parallel computation) (Fig. 2.33).

Under certain conditions, other treatments (see Chap. 5) inserted into more
sophisticated interpretation models can be advantageously used (Wiik et al. 2010;
Ogunbo 2011; MacGregor and Tomlinson 2014). The effects of anisotropy are still
poorly understood and still pose problems of interpretation today.

4.4 The Oilfield Topologic Problem

The obtained values for electric fields depend not only on the values of con-
ductivities of the rocks and their contrast but also on the shape, extent and strength

89The resolutions of the forward and inverse problems are discussed with more details in Chap. 5:
Interpretation.


http://dx.doi.org/10.1007/978-3-319-45355-2_5
http://dx.doi.org/10.1007/978-3-319-45355-2_5

5 Advantages and Disadvantages with Regard to the Seismic Method 119

Fig. 2.33 Isotropic and
anisotropic effects (vertical
and horizontal) brought out
on a geoelectric
pseudosection (According
to Newman et al. 2010)
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of the layers formed by these rocks. In some circumstances, these effects may be
potentiated with the presence of oil; in others, conversely, they can escape or
literally vanish. This is what happens when the trap (anticline, salt dome, etc.)
has high resistivity or conversely when it partly contains saline water.

5 Advantages and Disadvantages with Regard
to the Seismic Method

If we can do so, with certain reservations (different geological aims), seabed
logging methods must be directly compared with seismic reflection and refraction
methods, which are currently the only techniques to be used commercially and
effectively in the offshore oil exploration. At a geophysical level we could also
compare the evaluation of the resistivity (an in situ parameter) with that of the local
gravity (gravimetry) in the case, for example, of detection of salt domes, a lower-
density geological object.

5.1 In Geophysical Terms: Saturation Indicator

In terms of pure geophysical investigation, seabed logging seems to be now more a
means of detecting or locating hydrocarbon targets (oilfields) than a means of
structural, lithological or faciological description of geological traps as understood
in the context of seismic exploration (Constable 2005). However, SBL appears to
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Fig. 2.34 Comparison of the electromagnetic (field amplitude) and seismic (velocity Vp and
amplitude A) responses depending on the saturation index HC

be a much better indicator of hydrocarbon saturation than seismics (cf. Fig. 2.34)
thanks to the characteristic resistivity values (see Chap. 3, Fig. 3.8).

At the operational level, the present technique may be more difficult to imple-
ment than certain existing seismic technologies (immersion and picking up the
equipment). However, we can expect in the near future that the use of electro-
magnetic acquisition streamers, as happens in seismics, will then be more
convenient and less expensive.

5.2 In Environmental Terms

Electromagnetic investigation broadly appears to be far less aggressive toward
marine fauna than seismic methods, whose acoustic sources such as air guns or
sparkers can reach powers of more than 210 dB at 1 m, i.e., the equivalent of 250 g
of TNT? in a 10 m depth, and for which the propagation of the vibrations may
extend over hundreds or even thousands of kilometers (in the SOFAR®! network,
for example), thereby necessitating the establishment of HSE standards and con-
trols (Tidy et al. 2011).

“These mechanical sources have their energy decreasing very rapidly with the water depth under
the influence of hydrostatic pressure. An air gun, for example, no longer delivers 10 kJ at 2000 m
depth.

! A water layer (SOFAR hydroacoustic channel) located at a depth of 500—1000 m used by the US
Navy during the Cold War to detect the presence of submarines. The range of the immersed
devices in this channel was several thousand kilometers. The old stations are now used for
oceanographic research in sectors as diverse as the study of ocean currents or volcanic eruption
forecasting.
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In contrast, the high electrical conductivity of seawater causes very rapid
attenuation of the electrical emitted power, then advocating this technology. Con-
sidering the field values (see Eq. 2.35), neglecting the effects due to the frequency
and supposing that cos ¢ = 1, we obtain the maximum field value (half space:
seawater) such as:

_ Ip, L
" 2w

(2.74)

In these situations, for an injection current of 1500 A (I) and an antenna 200 m long
(L), this amounts, at approximately 100 m away from the source (), to a maximum
electric field of 15 mV/m. At a distance of 10 km, the signal is only 15 nV/m
(cf. Chap. 4, Sect. 4.1), an intensity comparable to that of telluric currents in a
narrower band.

Recent studies conducted by independent marine biology laboratories have a
priori shown the harmlessness of this technique to marine fauna (Girondot 2007).
Furthermore, if we look this time at telluric methods, where the current is perma-
nently present in the marine environment, they have in fact no human impact on the
environment.”>

Finally, logically, rationalizing resources, SBL must also allow us to signifi-
cantly limit the number of exploration drillings where the consumption of water and
mud is considerable.

6 Combined and Hybrid Methods

Here we touch on the rapid and undeniable success of underwater seabed logging as
it stands today, in the sense that this method, in its problematic interpretation, as
will be seen later (data inversion), strongly uses multiple, diverse and varied
information coming from other acquisition systems and more particularly those
acquired yet by seismic means. We can therefore say that the electromagnetic
processes of exploration are at the very center of a sophisticated device that requires
the use of other methods and that without these methods would probably quickly
lose its effectiveness. It is reasonable to assume that in the future other sources of

92Tt may also be recalled that ships produce at a few meters from their hull some electric fields of
the order of 1 mV/m and that river fishing societies, as well as associations for the protection of
nature, practice electrical fishing for the capture, counting and identification of the fishery
resource. This time the value of the fields that put fish in shock is of the order of 1 V/m (sampling
rod: 200-500 V, 0.8 A). See also the report of the Association of Geophysical Contractors (EPCM)
prepared by LGL Ltd. Environmental Research Associates on the safety of EM sources on marine
wildlife.
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information will complement the system, such as, when available, data from
geology and downhole logs®® that are now only partially used.

7 Conclusion and Synthesis

That is, if we can summarize the physical principle of this method to a simple causal
effect, we can say in brief that:

— The main cause that allows us to detect hydrocarbons buried in the seabed is the
existence of a noticeable (detectable) conductivity contrast between marine
sediments and the hydrocarbon reservoir eventually present.

— The result of this unique metallogenic and particular geoelectric situation is then
the local decrease in the subsoil of the eddy currents induced by the variable
electric currents flowing therein, whether they are natural (terrestrial) or artificial
(controlled source).

Ultimately, this has as a corollary, at the reservoir, an increase in the values of
some diffuse electromagnetic fields, which, in a normal environment (without oil),
are generally significantly lower.

Moreover, the principle of the method posed as a basic concept is that we have to
jointly use the galvanic and vortex separate effects in different modes (TE and TM)
and under different spatial configurations using in-/ine and broadside arrays to then
ensure an optimal detection.

This new concept, in metrological terms, accordingly results in a spatial measure
of the fields on the two horizontal components at least.

Moreover, it is the result after all:

— Of the discovery of the high conductivity of deep sea sediments infiltrated by
seawater, and especially of its lateral variations in the presence of more resistive
hydrocarbon deposits

— Of the existence in most cases of a level of very low ambient electromagnetic
noise that exists on the ocean floor, of which the amplitude is well below
detectable anomalous values

— Of the progress, as it will be seen later, of the interpretation methods (mathe-
matical models) and more particularly of the data inversion, favored by the
calculating power of modern super computers

However, the actual measurement techniques of electrical and magnetic fields
and, more particularly, their horizontal components are older and have been
proposed, for example, and experienced in the past (in the 1980s) in earth physics,

%The resistivity given by the electric logs does not match that assessed on the seabed. This
significant difference can be attributed to the anisotropic nature of the lithology (lateral extension,
and wider field of inquiry).
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Fig. 2.35 Offshore, the
infiltration of sea water
(hydrostatic pressure)
increases the conductivity
of marine sediments and
allows oil discovery (og >
onc)- Onshore, it is quite
different; the contrast of
conductivities between
sedimentary layers and the
hydrocarbon reservoir is not
sufficient to consider any
detection (65 =~ Opc)

in submarine detection, and even in mineral exploration, where low noise elect-
ronics had already at that time greatly increased (Fig. 2.35).
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Chapter 3
Metrology and Environment

Abstract This chapter describes the physical environment where measurements
will be made. It then presents the electromagnetic properties of the concerned
media (electrical conductivity, magnetic permeability and dielectric permittivity)
depending on the characteristics of seawater and subsoil rocks (facies, lithology). It
then discusses the frequency and temporal aspects of the detection method
depending on the propagation media and the background noise in the deep sea
(several pV/m/ \/I_{E). It defines in substance the skin effect, the energy attenuation,
the investigation depth, the magnitude of the amplitudes of the fields accessible to
measurement (about 1 pV/m/ VHz or, if normalized, about 10~'? V/A.m?), the
signal-to-noise ratio and the modes and propagation/diffusion conditions in the
presence or absence of oil. Then it proposes data acquisition systems to establish the
intrinsic characteristics of the measuring instruments and especially the power of
the transmitters and the receptor sensitivity. This chapter ends with a description of
optimal conditions of detection and favorable field procedures.

Keywords Electromagnetic properties » Signal to noise ratio * Attenuation ¢ Field
amplitude ¢ Depth of investigation

1 Introduction

Once the physical principle is laid down (see Chap. 2), the question is then to
establish the optimal conditions for obtaining the information (measurements)
needed to retrospectively interpret the acquired raw data.

It is the purpose of metrology which has on one hand the obligation to fix the
order of magnitudes of the signals coming from the investigation and on the other
hand the obligation, according to them, to identify and define the means of
acquisition and especially of the equipment adapted to the environment.

Metrology, if it uses the actual measurement techniques, must take into account
for its definition all the aspects of the energy transfer (—) occurring within and
between the different concerned sectors, from the emitting source, whether artificial
or natural, in the subsoil (?) to the receiving device (cf. Fig. 3.1).

These energy transfers are directly dependent on the electromagnetic properties
of the crossed media (water, sediments, rocks, etc.) and are linked by propagation
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Fig. 3.1 Synoptic of the detection system (transmitter/receiver) in its marine geoelectric
environment

laws also dependent on the electrical characteristics of the emission and especially
the power and frequency of the source. Metrology therefore requires the study of
these energy transports, which result in transfer functions simultaneously affecting
grounds (physical properties) and measuring equipment whose intrinsic qualities
must be in perfect harmony with the desired characteristics (Fig. 3.2).

Perhaps more than any other method of geophysical investigation, electromag-
netic seabed logging acutely sets the double problem of technology and science.

So, technically, the question is to isolate with the greatest possible clarity the
desired physical quantity (electric and magnetic fields in particular) representative
of the parameters to evaluate (electrical conductivity) and whose amplitude and
variations can be very low. The solution to this technological problem then depends
on the intrinsic quality of the measuring devices (electrometers), most particularly
their sensitivity, accuracy and stability, knowing that they must operate in a most
hostile environment (noise).

Besides the problem of the data acquisition itself, the very difficult question of
the representativity and interpretation of measurements is then raised. These latter
must establish the precise relationship between the various measures corresponding
to the observed perturbations, related or not to the inaccessible subsoil heteroge-
neities (the aim of the exploratory research). These relationships are generally
established through very general laws of physics. However, the latter, most often
because of their differential formulation, are unfit for the study of integral problems
such as those that generally arise in the prospecting context. This is especially true
for electromagnetic seabed logging, where, if you specifically wish information on
the shape, depth, and nature of the anomalies, the mathematical study remains
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Transmitter Receiver
A
Emitted signal Received signal
Y
Transfer fuflctlon Transfer function Measured signal
Subsoil Receptor

unacceptable

Rejected signal

Fig. 3.2 The measure requires at least two transfer functions: the one that is sought, which
concerns the subsoil and is based on electromagnetic characteristics of the crossed grounds, and
the one that is known, which affects the receptor and must comply with certain intrinsic qualities.
The entire acquisition chain must also have an acceptable signal-to-noise ratio (S/B) for the
measure to be validated

singularly complex to be implemented in alternative or variational regimes and thus
comes under a real theoretical challenge.

If the technical problem (sensor) has so far received satisfactory solutions,' the
mathematical study of the interpretation still today substantially progresses in
offering a more and more extensive and eclectic choice of conceptual approaches
and geophysical models (see Chap. 5).

2 Electromagnetic Properties of Propagation Media

In a macroscopic view, we can simply say that the media crossed by electromag-
netic energy have relatively homogeneous properties that can differentiate them-
selves. This is, for example, the case with electrical conductivity, which generally
presents a wide contrast between sediments impregnated with seawater and
oil-containing rocks, or the case with dielectric permittivity, which more specifi-
cally affects insulators such as oil. Nevertheless, the magnetic permeability, a
property existing only in ferromagnetic materials, will play a minor role in the
differentiation of these media.

These different electromagnetic parameters will consequently affect electric
fields in magnitude and in direction on one hand, and the speed of wave propagation
in various media on the other hand. The variability of these physical characteristics
is, among other things, the basis of the detection systems in EM seabed logging. In

'An increase in accuracy (see note below) can only be effective if the quantity to be measured is
well defined at each point where the determination is made.
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terms of detection itself, we will therefore successively discuss the means allocated
to frequency and time domains.

2.1 Conductivities and Electrical Resistivities

Of all the physical properties of the rocks present on the globe (the lithosphere),
electrical conductivity offers the widest range of values, approaching a record
factor of 10%° (Grand and West 1965).

The electrical conductivity of any material is its ability to allow more or less
electrical current to cross and it is thanks to this quality that energy transfer can take
place. It is to the physicist G. S. Ohm that we owe this discovery (Ohm 1827).

In terrestrial materials, if we only focus on conduction current, this can roughly
flow in two modes®:

— By the displacement of electrons; conductibility is then known as electronic or
metallic
— By the movement of ions; the conductibility is then called ionic or electrolytic

Unlike ores,” or more generally metals, the latter of which only have their own
electronic conductivity, the electrical conductivity of rock is not an intrinsic
property. It is rather of the electrolytic type but grosso modo depends on the
porosity and its quality (closed or open), on the charge in ions of the fluids
contained in its pores and more especially on the constitution of the formation or
infiltration of water, or on the interstitial water more or less rich in chlorides and
dissociated minerals, located in sedimentary strata® (Abrikossov and Goutman
1986).

In these configurations, we then speak of specific resistivity, a value that takes
into account all of these parameters, and which already allows us to understand the
importance of its estimation in the detection of hydrocarbon deposits which are
poorer in water.

In general, the term resistivity is dedicated to the rocks considered as rather
resistant, such as oil reservoirs for example, and the term conductivity to those that
are less resistant such as marine sediments that seawater has extensively infiltrated.

*Minerals such as arsenides and sulphides have the two conductivity types, which do not make
them good conductors.

3The conductivity of minerals is more complex to understand.

“Porous and permeable rocks have resistivities that may very significantly differ depending on the
nature of the fluids contained therein. For example, sands containing oil or gas will have a much
larger resistivity than those containing salt water. Moreover, if we consider that the resistivity is
part of a more macroscopic concept (volume including the notions of stratum, bench, layer, etc.),
the resistivity at a given temperature then depends on three basic factors, which are the lithologic
character, the amount of present pore water and the mineralization of the latter.



2 Electromagnetic Properties of Propagation Media 135

The resistivity p is expressed exactly in Q.m?/m or more simply in Q.m (a very
largely used unit but which can be confusing). The conductivity o, which represents
the inverse of p, is translated into mho.m ! or (ohm.m)f1 or S.m~! (International
System: IS).

Ols/m = 1/p (3.1)

In dry air and materials considered as insulating media (pure dielectrics), the
electrical conductivity is zero.

The electric resistivity p is defined by the relation that links the electric resis-
tance R of a solid as well as a liquid material, to its geometric characteristics. For a
rectangular prism of section A and length /, the resistivity (Ellis and Singer 2007) is
then given by the well-known expression:

A[mZ]
Ijm)

Pia.m] = Rjg) X (3.2)

This definition is of course valid only when A and / are finite. Furthermore, the
Ohm x meter (amount taken as a unit) where 1 Q.m corresponds in absolute terms
to a cube of an homogeneous and isotropic matter with 1 m sides (IS unit), the
electrical resistance R taken on two opposite sides A (1 mz), whatever the direction,
is equal to one Ohm (1 Q).

In practice the above formula (3.2) is difficult to apply because the instruments
measuring the resistance R (ohm-meter, quotient-meter, Wheatstone bridge, etc.) in
general introduce additional resistances and more particularly contact resistances.
In a laboratory, its measurement is thus performed more accurately by using a
quadrupole of a current/voltage type (see Chap. 4, Fig. 4.39) and its value
depending on the geometry of the adopted device defined by the factor K is
calculated using the formula:

U

In this case, the resistive term (R) is no longer present. This is the same approach
that is used in electrical prospecting by direct current (cf. Chap. 2, Sect. 2.7.1.2). In
those circumstances where current injection (I) system and voltage measuring
circuit (U) are decoupled, it is not correct to say that: U/I=R.

2.1.1 Electric Conductivity of Seawater

Seawater can be considered as an electrically conductive liquid and its conduction
mainly comes from its content in dissolved salt, decomposed into ions, especially
sodium chloride (Na*, C17), i.e., in other words, its salinity, which is about 35 g of
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salt per kilogram of water (35gnaci/k8wacer)- The conductivity of seawater is about
4000 times greater than that of fresh water and varies only weakly with the
hydrostatic pressure’ (Horne and Frystinger 1963).

We would like to remark that quantitative chemical analysis does not provide
representative results regarding salinity (evaporation of some salts at the end of the
chemical metering).6 However, it is possible to indirectly obtain them (gs.1/kgwater)
by evaluating the salinity s (mg/l) by electrical conductivity measurements such as
we have, as a function of experience parameters and especially temperature 7

Troc — 25
GW[S/m] =1.6 x 1074 X s[mg/l] X (1 +%) (34)

A change in salinity of 1 gg,/Kgwaer, fOr example, gives a variation of the conduc-
tivity of 2.5 % under normal conditions of temperature (20 °C) (cf. Fig. 3.3a).

The electrical conductivity of different waters is given as an indication in the
form of a chart in this chapter (cf. Appendix A3.1).

More generally, the electric conductivity of seawater varies depending on the
temperature (which itself decreases with depth), and decreases with the pressure
(Hamon 1958 and Horne and Frystinger 1963) (cf. Fig. 3.3b). A good approxima-
tion of the electrical conductivity (Becker 1985), taking into account the average
conductivity in the ocean (approximately 3 S.m "), is given by the formula:

Treqy
Owis/m = 3+ ( 10 ) (3.5)

5The hydrostatic pressure is given by the formula: p =hpg where h is the height of water, p is the
volumic mass of water (1028 kg/m?) and g is the value of the acceleration of gravity (9.81 m/s?).
Depending on the case, it is expressed in bars, Pa or psi. Whenever it sinks 10 m, the pressure
increases a bar. At 4000 m deep, the pressure is equal to 40 MPa (5800 psi).

SHowever, it is possible to achieve consistent results through the application of Knudsen’s dosage
method (Knudsen 1901; Thomsen and Menache 1954).
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Fig. 3.3b Evolution of the average ocean temperature as a function of depth at low (a), medium
(b) and high latitudes (¢) (By Ingmanson and Wallace 1989)

Fig. 3.4 Changes in the Conductivity (S/m)
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At great depth the temperature is around 3 °C” except in arctic regions, where it can
reach —2 °C. It is more or less constant over the globe, and leads in this situation to
an average conductivity of 3.2S.m~'. Geographically, the latter therefore varies
from 2.5 S.m~ ! at the geographic poles to 5 S.m ™" in the tropics.

To take into account at the same time all these changes (pressure, temperature,
salinity), some authors (Fofonoff and Millard 1983) have proposed algorithms
directly expressing electrical conductivity as a function of water depth (cf. Fig. 3.4).

"The first temperature measurements at sea and in deep water date from the end of the eighteenth
century (1785-1788 campaigns of the Venus).
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2.1.2 Physical Properties of Rocks: Generalities

For geophysicists, sedimentary rocks are heterogeneous composite materials,
anisotropic and even multiphasic for those containing hydrocarbons composed of:

— A matrix, solid material of the rock, more or less structured, made of grains
and/or cement, generally stable but possibly mobilizable (leaching, etc.)

— Pores, which are globally expressed by the porosity and correspond in volume to
the percentage of the present vacuum (no solid matrix)

— Fluids such as water, oil and gas, which can more or less fill the pores

These different parameters are tightly interrelated and may vary in proportion
over time.

When porosity is open and pressure differentials exist, the fluid in the rock can
then move or flow, providing greater or lesser hydraulic permeability (Guegen
1997).

This is the case, for example, when the hydromechanical conditions are met,
from the migration of oil from the source rock to the reservoir rock, or during the
extraction of oil by pumping in production wells (a reverse process) (Fig. 3.5).

These various factors will on one hand influence, for the solid parts, the
mechanical properties of the rock (density, elastic constants, hydraulic perme-
ability, etc.) and on the other hand, for the fluid elements (oil, water, gas), the
electromagnetic properties. Of the latter, it is the electrical conductivity that has the
wider variability (Fig. 3.6).

Fig. 3.5 Main components extraction
of rock, static (matrix and
pores) and mobile (fluids),
which will directly
influence its
electromagnetic properties

Rock = matrix + pores + fluids

migration

pressure hydrocarbons \
—> permeability Electrical conductivity

r ]
!
fluids l salt water
i
geometric hydraulical electrical
characteristic characteristic characteristic

A

Measure

Fig. 3.6 Electrical conductivity, a privileged witness to the porosity and hydraulic permeability of
sedimentary rocks and of the presence or absence of hydrocarbons
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One of the peculiarities of underwater rocks and more specifically marine
sediments is their saturation in salt water. This is due among other things to the
combined effect of the hydrostatic pressure under a certain water depth and the
large hydraulic permeability, related to the rocks’ porosity and its quality, which
enable the seawater to largely infiltrate it at great depth or at least in the first few
hundred meters of the subsoil. The porosity ranges from 40 to 80 % in the subsur-
face and gradually decreases with depth.

2.1.3 Electrical Conductivity Specific to Geological Formations:
Reminders

The conductivity of geological formations cannot be reduced to a sum or even less
to an average of electrical conductivities of the various constituents of the rock. In
reality the so-called specific electrical conductivity of a rock depends not only on
the solid and liquid elements the rock is made of, but also very strongly on its
lithology, structure and more particularly its porosity and its intrinsic quality, which
is to say open or closed porosity.

In summary, as will be detailed a little further on, the specific conductivity of a
rock depends mainly on:

— The facies

— The lithology

— The interstitial water content and its composition of minerals
— The volume occupied by the communicating pores

A very small variation in one of these four parameters or formation factors can
significantly alter the intrinsic resistivity. Furthermore, experience has shown that it
can vary even if a direct examination reveals no change in the structure and facies.

Ultimately, we can say that the variation of the electrical conductivity is a very
good indicator of the likely lithology and fluid content of the geological formations
at large.

2.1.4 Electrical Conductivity of Marine Sediments

Marine sediments have an electrolytic conduction, which was empirically defined
by G. E. Archie (Archie 1942)® and is mainly applicable to water-saturated rocks.

8The physicists Gray and Wheeler in 1720 were the first to measure the electrical conductivity of
some rocks (Seguin 1971), followed in the nineteenth century by some others (Becquerel 1834,
1847; Bruck 1841).



140 3 Metrology and Environment

m " ¢”l
sea water
og=—3~8"0, — O05=-—0y (3.6)
a a

where:

— oy is the electrical conductivity of the sediments.

— " is the sediment porosity and m is the form or cementation factor ranging from
1.3 to 1.5 for unconsolidated sediments.’

— 8" is the fraction of pores infiltrated by water, where S is the saturation (1 for
seawater) and # a constant that depends on the fluid'® (a2 for water).

— o, is the electrical conductivity of seawater (average: 3 S.m_l).

— a for the tortuosity factor is a constant for marine sediments between 0.6 and 1.3
(Parkhomenko 1967).

Numerical application: For example, for marine sediments, by strictly applying
the Archie formula (cf. Eq. 3.6) and considering the values for the usually encoun-
tered unconsolidated sediments (cf. Table 3.1), we precisely obtain an electrical
conductivity equal to:

0.25%%
Og :W x 3~0.5 S.m71

a value greater than the one found in reality.

The problem with this formula is that it uses coefficients that are only accessible
by in situ measurements, that is to say well logging (borehole measurements) and
often, as it is the case for the value of the porosity, they are not known from the
operator before the SBL campaigns. However, some authors (Bahr et al. 2001) have
proposed for porosity an approximate formulation according to the depth z such as:

#"(z) = 0.05 + 0.6 e =/150 (3.7)

This formula is more realistic and then usable in various models (Key 2009).
Ordinarily, this electric conductivity, for sediments infiltrated with water, ranges
from 0.03 t0 0.25 S.m ™! (average value: 0.1 S.m™ 1). Itis 10 to 100 times lower than
that of seawater (=3 S.m ).
The conductivity of marine sediments also changes, as the one of seawater, with
temperature T (Constable et al. 2008) such that:

o5 = 2.903916 x (1 + 0.0297175 Ts + 0.0001555 T2 — 0.00000067 T3)  (3.8)

This factor is to link the shape of the pores and their degree of connection. For round grains
(sand), m is equal to 1.4, while for the tabular grains (clay), the m value increases to 1.9. For
fractured rocks, m can rise to 2.5.

"%For oil and gas, the n values respectively are 2.08 and 1.162.
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Table 3.1 Summary table of values a and m to use in the Archie formula for various sedimentary,
clastic and volcanic rocks

Rocks (description) Porosity (%) a m

Weakly cemented detritus rock 25-45 0.88 1.37
Moderately cemented sedimentary rock 18-35 0.62 1.72
Well-cemented sedimentary rock 5-25 0.62 1.95
Volcanic rock 20-80 3.5 1.44
Rock with very low porosity <4 14 1.58

By Chouteau and Giroux (2006)
2.1.5 Electrical Resistivity of Qil Reservoirs

Hydrocarbons in themselves are considered as fluids, with very high electrical
resistance (resistivity of 2.10'* Q.m on average).!' In geological reservoirs, it is
quite different. Oil and gas are part of a complex heterogeneous structure where the
different constituents of the oil rock are intimately intertwined with each other and
bound by other also varying elements. As for sediments, that is the so-called
interstitial water, containing a certain amount of dissolved salts, which is respon-
sible for the electrical conductivity of the reservoir rock. In its upper part, it can take
up to 10 % of the pores’ volume and in any case rarely less than 5 % of this volume.

So that there is a flow of electric current by electrical conduction (cf. Chap. 2), it
is also necessary that the porosity is open, i.e., the pores are in communication with
each other, and the fluids are able to move or not. The volume of conductive water
is then at the most equal to the effective volume of the pores and is obviously lower
when the rock contains oil and gas.

Furthermore, in the fields, the percentage of interstitial water increases toward
the sides and the bottom points of the geological structure, until the water
completely occupies the volume of the pores in the region of the so-called marginal
water. The presence of interstitial water and its particular distribution in rocks are
mainly due to the action of the capillary pressure and surface tension between the
present fluids and solids.

— In the upper part of the structure (the reservoir itself), this water forms a thin film
around the grains and thus completely fills up the gaps of capillary dimensions.
The oil is found only in the free space left by the water in the voids of larger
dimensions, and this under conditions of local pressure.

— In the lower parts of the structure, conditions are such that there is more oil
present. The percentage of water in the aquifer level then depends on certain
conditions."? In a gas reservoir, this percentage is close to 100 %, while in an oil
reservoir, it can be much lower.

""They are also used in industry as an electrical insulator (e.g., in transformers).

>The deposit water contains salts and ions in solution (CI~, Na*, Ca**, Mg?*, K*), dispersed
colloids and dissolved gases (N,, CO, and CH,). The main characteristics of the deposit water
come from their primary and secondary origin (Robert 1959).
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Finally, the mathematical relation connecting the main constituents and the
physical characteristics of the rock, especially the electrical conductivities to the
mechanical properties, is given by the formula:

Opc = aG()f(l — SHc)n[l)m (39)

where:

— ¢™ is the porosity of the rock and m is the cementation factor, with a value
greater than 1.5 for unconsolidated sediments."?

— n is the saturation factor.

— a is the tortuosity factor.

— Syc is the fraction of pores infiltrated by oil.

— o,ris the electrical conductivity of the pore water.

Under the conditions of the deposit, the formation resistivity (1/64¢) then falls to
relatively low values, which can vary from 30 to 300 Q.m (cf. Figs. 3.7 and 3.8).

To study the behavior of electromagnetic energy in geological media, some
authors have attempted to translate by analog models the electrical effects of
currents on the porous matrix. The various elements are simulated in an analog
way by resistors and capacitors inserted in a particular network (Bitterlich and
Wobking 1972).

2.1.6 Resistivity, Facies, Lithology, Structure and Anomaly

Electrical prospecting in a large sense would not have developed if we had not
noticed early on that the specific electrical resistivity of the same geological layer
does not vary laterally. Indeed, many experiments on the spot have shown that
resistivity can be considered as an extremely stable indication of facies (cf. Chap. 1,
Sect. 4.1). However, this statement needs to be nuanced for sands or for any porous
rocks whose resistivity varies with the interstitial fluid. However, from the practical
point of view, oil-bearing rock is actually another rock, discernible from the
identical rock this time invaded by both fresh and salted water, and so also in this
case, the electrical resistivity then follows the facies. Under these conditions the
“electrofacies” may be considered then as one of the most remarkable characteris-
tics of the reservoir.

Whatever the geological circumstances, the specific electrical resistivity is
therefore an overly sensitive indicator of facies, often finer than direct, that is to
say stratigraphic, examination. We then conceive the enormous advantage that

>The Archie and Humble formulas, used for the exploitation of electric logs, admit higher values
for exponents m and n (close to 2). This leads us to assign to the reservoirs resistivity values much
lower than those observed on electrical logs (Serra 2004). The anisotropy of the geological layers
is one of the reasons partly invoked to explain these differences. The factors m and » are described
in detail in the technical literature, and more particularly the one concerned with logs.
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Fig. 3.7 Grain structure of a reservoir rock (microphotography) without and with cement (dia-
grams), and an electrical equivalent (circuit) taking into account the resistive (resistance) and
inductive (with dotted reactance capacity) aspect of the oil in its porous matrix (By Pirson 1950)

electrical prospecting methods or more generally electromagnetic exploration
methods have over other methods of geophysical investigation, provided that we
can extract by measuring and then by calculating the values of this resistivity.
Moreover, we can say that only sedimentary grounds are virtually conductors and
that resistivity variations, however small they may be, (where the porosity and the
lithology can be regarded as sensibly invariable) then result from the structure of
the subsoil only and particularly its layers. Finally, we can also say that the most
important changes in resistivity are due in some way, in this specific context, to
anomalies characterizing the presence of oil or gas.
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Fig. 3.8 Resistivity as a function of the saturation index in hydrocarbons (HC) for a typical
reservoir (6= 0.1 Q.m, a =0.65, m = 1.8 and n = 2). For water saturation of 100 %, the resistivity
is 2 Q.m. For hydrocarbon saturation from 40 to 90 %, the resistivity varies from 30 to 300 Q.m

As an indicator of facies and lithology, and for sensing favorable structures and
revealing defects or heterogeneities as resistive fluids, in these various aspects
electrical resistivity is probably the measurable physical property of rocks that
delivers the greatest amount of useful geological information for the prospector.
This is especially true in comparison with density or elasticity, the main source of
petrophysical data currently used in modern oil research (seismic and gravimetry,
incidentally).

2.1.7 Reservoir Resistivity and Vortex Effect: Debate?

Measurement and study of the vortex effect is the basis of current detection systems
(see Chap. 2) and can be compared with the values of electrical resistivity and more
specifically with their lateral variations.

Virtually nonexistent in good conductors of electricity (mainly because of the
abundant presence of eddy currents), the vortex effect mainly occurs in the dielec-
trics whose very important resistivity generally exceeds 10* Q.m.

However, it remains less obvious for the reservoir rocks, which have signifi-
cantly lower values, in the order of about 300 Q.m. This suggests at this level that
another concomitant action, probably of a different origin, would then add to this
effect. This would explain in some way the current controversy that fuels the debate
on the physical nature of the phenomenon (see Chap. 2, Sect. 2.5.9).
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2.2 Magnetic Permeability

The magnetic permeability p of a material is expressed by the product of the
permeability of the vacuum p, (Henry/meter), which is a universal constant
whose value is 47 x 1077 H.m ™ (or 1.257 x 107 H.mfl) and the intrinsic or
relative magnetic permeability . (dimensionless) is:

= Rty = 41 x 1077 x (3.10)

With the exception of certain rocks (volcanic rocks and minerals), sedimentary
rocks and seawater are nonmagnetic. Their permeabilities with p.=1 are then
equivalent to po.

2.3 Dielectric Permittivity

The permittivity is also known as the dielectric constant and physically corresponds
to the polarization of the bound charges (electrons, ions, dipolar molecules, space
charges, etc.) when the material is traversed by an alternating electric current, or
more generally a variational current. It is the product of the dielectric permittivity of
vacuum &, (Farad/meter) which is 107°/361 or 8.854 x 107> Fm™' and the
relative permittivity &, (dimensionless) is dependent on the environment, such as:

1
s:eosr:ﬁxm‘gxer (3.11)

The permittivity of seawater is variable and depends on local conditions, i.e.,
salinity, depth (pressure) and temperature (cf. Table 3.2). That of the rocks is highly
dependent on their water content. The relative permittivity of marine sediments
more particularly results at a low frequency from the part of the present volume of
water P, (Rubin and Hubbard 2006). It is equal to:

e = 3.03 +9.3p, + 146p2 — 76.6p3 (3.12)

The dielectric permittivity of the hydrocarbon reservoir is more difficult to esti-
mate. It is among other things dependent on the structure and the various constit-
uents of the rock and more particularly on the oil content and thermodynamic
conditions (cf. Table 3.2).
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Table 3.2 Summary table of average electromagnetic properties of different media crossed by the
electromagnetic waves

Electrical Electrical Dielectric Magnetic
resistivity conductivity S'm~'ou | permittivity x 8.8:107'> | permeability
Media Q'm Q@m)! F/m H/m
Dry air 0 0 1 4n-1077
Seawater | 0.2 5 78-80 !
19°C)
Seawater | 0.3 3 ! !
(0.5°C)
Marine | 4-30° 0.03-0.25" 20 !
sediments
Reservoir | 30-300 0.003-0.03 6 !
(oil/gas)

“Values that fluctuate with depth

2.4 Summary of the EM Properties of Propagation Media

The characteristics of the electromagnetic properties of the crossed media—
namely, air, seawater, marine sediments, and reservoir rocks—are summarized in
the Table 3.2. Some of them have significant variabilities (marine sediments,
reservoir especially). Others, however, remain relatively constant (air, seawater).
We can see that the resistivity of underwater subsurface rocks is much lower than
that usually found onshore (cf. Table 3.3). This primordial particularity is the
original source of the detection method, which can only be effective at sea.

In addition, comprehensive experimental works have been done on the electro-
magnetic properties of rocks at depth (Nover 2005), in particular those concerning
the terrestrial crust and earth mantle, showing their variability depending on the
pressure and temperature (cf. Fig. 3.9).

3 Frequential Aspect of the Method

The use of alternating currents implies an interaction of electric energy with matter
(Harrington 1961), which is different depending on whether we are interested in
seawater, marine sediments or even in the hydrocarbon reservoir. In seawater, the
propagation of electromagnetic waves was particularly studied in the years
1950-1960 by American researchers from the US Navy (Kraichman, Bannister,
Hart, Jakson, Walters, Wait, Campbell, etc.),14 succeeding the early fundamental
works in the late nineteenth century (Whitchead 1897; Heaviside 1899).

“Research led in the context of underwater detection and published as monographs by the US
Navy Underwater Sound Laboratory also relating the EM studies (Bannister 1980).
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Table 3.3 Electrical Rocks and sediments Electrical resistivity Q-m
resistivities of some earth
. Clay and marl 6-40
materials (rocks and
sediments) according to their Shales 40-250
water content and their Chalk 100-300
mineralization Limestone 100-5000
Sandstone 500-10,000
Sand 30-10,000
Crystalline rock >5000
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3.1 Conductor Media: Eddy Currents and the Skin Effect

In conductors of electricity like seawater and marine sediments, this interaction
results in the medium by creating secondary currents, also called eddy currents.
They are opposed to the propagation of energy even more intensely when the
frequency and the conductivity are high. At this stage the energy dissipated by
the Joule effect (heat) by the chemical energy transfer (ions) and the propagation is
then characterized by a concentration of the field lines on the surface (skin effect),
thereby limiting the depth of penetration of the strength lines. This effect is the
consequence of Faraday’s law (second Maxwell equation):

—

ob

VA= ——
¢ ot

(3.13)
which theoretically shows that variations of the magnetic field induced by the flow

of an alternating or variational current in a conductor of electricity in turn create a
secondary magnetic field, which is thus opposed to the primary field.
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3.2 Dielectric Media: Low Attenuation

In dielectrics or similar materials (air, oil and gas reservoirs), if at high frequencies
(=1 GHz RADAR investigations) additional phenomena of relaxation (the
Maxwell-Wagner effect) or of interfacial polarization are present, at low frequen-
cies (Nover 2005; Ellis and Singer 2007), electromagnetic waves only suffer a
slight attenuation essentially attributable to the conduction effect of the electrical
charges in the interstitial fluid (Razafindratsima et al. 2006) and to the transfer of
electrical energy due to displacement currents (see Chap. 2, Sect. 2.5.1).

3.3 Investigation Depth and Penetration Depth

The depth of investigation and the depth of penetration of the electromagnetic
waves are concepts that directly arise from the skin effect (Stratton 1961). How-
ever, they are probably the most complex concepts to theoretically understand in
geophysical prospecting because they depend in practice on factors that fluctuate.

3.3.1 Investigation Depth of the EM Waves in Seawater
Seawater and marine sediments may be regarded as electrically conductive media.
The equation of propagation/diffusion, or the Helmholtz equation, is given by the
expression:

VZE+KE=0 (3.14)
and is characterized by the wave number k such that:

K = o’pe — iopc (3.13)

In a dispersive medium, as is the case with seawater and involved rocks (e is very
small for the different media), & is reduced to:

K ~ —iopc (3.16)
or to:

k = v—i,/opc (3.17)
Using the following relation:

va=1d (3.18)


http://dx.doi.org/10.1007/978-3-319-45355-2_2
http://dx.doi.org/10.1007/978-3-319-45355-2_2
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and also knowing that the transmitted wave is progressive in the positive direction,
from which:

Re{k} >0 (3.19)
and setting that:
1—-1
k= 3.20
. (3.20)
we consequently obtain:
2
O = 4| —— 3.21
=\ oo (3.21)

which represents the skin depth, still called the depth of investigation. It
corresponds to the distance at which the magnitude of the fields is attenuated to
1/e or 0.368 (e being the base of natural logarithms equivalent to 2.718)."

Seawater and marine sediments are nonmagnetic materials. The magnetic per-
meability of the latter'® is therefore equivalent to that of the vacuum, that is
p=py=4m10""Hm™!, from which finally comes a depth of investigation
roughly equal to:

1 503.25 b
Sim = = ~ 500, /P 3.22
i V7 oo Vfo \/]: G22)

This formula shows that the electric current passes along the conductors even more
easily at the surface when the frequency fis high, thereby designating a skin effect
(Kelvin effect).

At this stage (8), we can schematically admit that there is no more propagation
beyond this depth, that the wave is then almost “dead” and that § is a jointed
characteristic of the crossed medium and of the frequency of the propagating wave.

We can equally say that the current penetration is even more important when the
product pT is great. Accordingly, we have on a purely metrological plan the
possibility of separating surface anomalies from deeper anomalies by then very
simply varying the value of the period T.

SDistance at which the amplitude of the wave is equal to 36.8 % of the amplitude E, ie E,

—e 0= E,/ebeing the base of natural logarithms and corresponding to In(e) = or to exp(1) =e.
This number may be defined as: ¢ = lim e, = 2,718281.... with e, = 1/0! + 1/1! + 1/2! +.... + I/n!

n— oo
1%In various nonmagnetic sedimentary grounds, p, varies from 1 to 1.00001, and can be then
considered as a constant (=1).
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We would like to remark that in the field of earth geophysics, i.e., the one that
particularly concerns the great depths (mMT), the prospector in practice prefers to
use a literal formula depending on the period T (in seconds) such that we have:

1 1
S?km] ZE\/IOp %gx/pT (3.23)

where the investigation depth is then given in kilometers (Kunetz 1966; Benderitter
and Dupis 1969).

In the expression above, as in the previous one, the relative magnetic
permeability does not appear anymore, because not only does it hardly vary from
one field to another, but also it is equal to one unity in most of the cases encountered
in oil exploration (very small variations from 1 to 1.00001 in the nonmagnetic
sedimentary layers). For example, for a phenomenon during 500 s, the depth is
around 5 km.

More generally, we can also set the skin depth based on the wavelength A in the
medium such that:

" }h[m]

a formula where the electrical conductivity is of course implicit (contained in A)
(Fig. 3.10, Table 3.4).

3.3.2 Penetration Depth of EM Waves in Seawater and Sediments

Generally we theoretically admit that at the considered frequencies (low and very
low frequencies), the controlled source (mCSEM) system is effective when the
depth of investigation is half less than the depth of penetration.'” Practically, we
accept that for investigations through the entire substrate (marine sediment con-
ductors of electricity), a skin depth at least equal to the effective depth of the latter
(8 > h) is sufficient to obtain significant results (Fig. 3.11).

In mMT prospecting, where the source of energy is more versatile, it is estimated
that the maximum allowable frequency according to the water depth h would in
reality correspond to 8 =3h or at:

'7 Ampere/Maxwell’s law implicitly involves a duality between two types of current. At low
frequencies, in the conductors, conduction currents are predominant, whereas in the higher
frequencies (c/we < 1), i.e., those that are above the light spectra, the movement currents
predominate. In DC, investigation depth and penetration depth are then equivalent (no skin effect)
and among other things depend on the geometry of the acquisition device (the distance between the
electrodes of the injection device particularly). These concepts were defined for the first time in
1938 (Evjen 1938) then supplemented by many authors (Guérin 2007).
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Fig. 3.10 Evolution of the
skin depth as a function of
the excitation frequency and
the resistivity of the crossed
media
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Table 3.4 Table of skin depths in seawater and in marine sediments for different frequencies

(0.1-15 Hz)
Frequency
Media (p) 0.1 Hz 1 Hz 5 Hz 15 Hz
Seawater (0.3 Q-m) 866 m 275 m 123 m 71 m
Marine sediments (1 €-m) 1580 m 500 m 224 m 129 m
Fig. 3.11 Penetration 10*
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1 /500\°
fmax = - (311) (325)

3.3.3 Investigation Depth and Resolution

In general, the resolving power (ability to separate two very close objects) or the
resolution and depth of investigation vary inversely. However, this result needs to
be qualified, because the methods of investigation are different (broad frequency
spectrums, geometric arrangements more or less directive, etc.) and are also to be
compared with the target dimensions, their electrical conductivity and especially
the contrast they offer with regard to their immediate geological environment.

For example, survey by DC has in the best conditions (very good resistivity
contrast) a vertical resolution of 2—4 % for a very low depth investigation (at sea),
while it has no lateral resolution (nondirectional device).

For the alternating current methods with a controlled source (directional device
for vector measures), the lateral and vertical resolutions, which strongly depend on
the accuracy of the measurement system positioning (cf. Chap. 4, Sect. 6.2), are
estimated at 5 % at best.

For telluric methods, with great integrative power, the resolution is poorer and
depends on the conditions of acquisition, especially the periods of the natural
currents and their variability in time and space. Unlike investigation depths,
which can be calculated with more or less accuracy, resolution reasonably can
only be estimated (d’Arnaud Gerkens 1989).

We can note that many scientific papers reveal patterns using rays as a conve-
nient way of visualizing the propagation of electromagnetic waves in different
media (cf. Figs. 3.20 and 3.21). Although this representation is not completely
wrong (we will also use it later in our discussion), it can be confusing when
compared, without caution, with that of light rays or even seismic rays, which
implicitly bear the resolution of the method. Indeed, if we strictly consider the
wavelengths (in relation to geological objects considered as targets), the only
electromagnetic technology comparable with seismics (10-200 Hz) is geological
radar (ground-penetrating radar or GPR), which is used in the range of 100 MHz.
Under these conditions, the ray representation is entirely justified and the Snell-
Descartes laws of reflection/refraction perfectly valid. These are even more accu-
rate when the second term of the radar equation (cf. Chap. 5, Eq. 5.9) is significant.
In the case of SBL, on one hand the propagation term of the above equation is zero,
and on the other hand the wavelengths can be much greater than the dimensions of
the observed objects (cf. Table 3.5). In this case, it is an extremely important fact
that variable current SBL, with all methods combined, cannot of course have the
resolution of seismic reflection, but the resolution is higher than that of continuous
current methods.


http://dx.doi.org/10.1007/978-3-319-45355-2_4
http://dx.doi.org/10.1007/978-3-319-45355-2_4
http://dx.doi.org/10.1007/978-3-319-45355-2_5
http://dx.doi.org/10.1007/978-3-319-45355-2_9
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Table 3.5 Summary table of h (m) )
the maximum frequencies
. . 500 0.03
fimax @s a function of the water
depth h, in mMT prospecting 1000 0.007
2000 0.0017
3000 0.00078

3.4 Phase Difference

The phase difference measurement, or more precisely the phase delay, is with the
measurement of the amplitudes of the fields one of the keys to detection. However,
this phase variation may be due, among other things, to several concurrent phe-
nomena such as those established, for example, in conducting media (presence of
eddy currents), or even those due to the propagation itself over quite large distances.

3.4.1 Phase Difference: Inductive Effect Due to the Presence of Eddy
Currents

In the harmonic regime, in low frequency approximation (far field criterion)'® in a
homogeneous and isotropic conductive medium where the dielectric permittivity is
neglected (seawater and marine sediments), the value of the current density J
(uniform field) varies depending on the distance and time'® (cf. Fig. 3.124). If at
the surface (z =0), the components of the current density J are given by:

J,=Jpcoswr and J, =7, =0 (3.26)

At the depth (z =h), they are given, taking into account the simplified conditions on
limits in the direction of z (depth), by the expressions:

Je(h, 1) = Joe "V¥H cos (wr — hy/afpic) (3.27)
I,=1=0

where:

— J, and J. are the values of the current density in the directions y and z.
— Jo is the value of the original field (source: electric dipole).

— h is the depth.

— o is the pulsation or angular frequency (=2xf).

— fis the frequency.

— tis the time.

"8Unique field independent of the distance.
"“The electric field is distributed according to the same law.
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Inductive effect Geometric effect Galvanic effect
due to due to due to
eddy currents the depth (h) the crossing through 2 media
E, E,
-« -«
o, o
Amplitude
Phase
Amplitude Amplitude
E,=E;e=/? E,=E,/h’ 6, E =0, E,
(a) (%) (0

Fig. 3.12 The key to the detection is in the identification of the three effects, which have different
behavior with respect to the phase and amplitude E of the electric fields. Only the inductive effect
causes a significant increase in the phase (By Constable 2010)

— pis the magnetic permeability of the medium.
— o is the electrical conductivity of the medium.

The expression (cf. Eq. 2.27) is a particular solution (real part) of the diffusion
equation:

Je(h, 1) = JoRe|e™ o+ (or-hy/wio) (3.28)

it is only valid for a plane wave, and shows substantially:

— An attenuation term (Joe’h\/’?‘;), sometimes called damping, caused by a loss of
energy by absorption transferred to the matter, which results in chemical energy
transfer and in heating (Joule effect) and which then causes an exponential decay
of the current density with distance, with an energy flow that weakens gradually

— A phase term (hy/nf o) increasing almost linearly as a function of the energy
distribution, which corresponds to the phase difference between the invariable
phase of the emission current (wf) and the variable phase of the resulting induced
currents

Theoretically, from the above expressions (cf. Egs. 3.26 and 3.27), in the
conditions of the far field (plane wave and uniform current threads, etc.), we can
still deduct after integration of the current density J,, the values of the horizontal
components of the magnetic field H and the phase difference (n/4) that follows
such as:


2.27
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H, =0

+00
H, = 471:/ Judz =24 /lcos (ml — E) (3.29)
0 oW 4

3.4.2 Offset Phase Shift Due to the Distance from the Source

In a homogeneous and isotropic medium, for a plane wave, where the propagation
velocity is then constant, the phase gradually and slightly increases linearly with the
distance (cf. Fig. 3.12b).

Considering the phase term (cf. Eq. 3.27) for a diffusion of the electromagnetic
energy in the seawater for example, then the phase difference varies:

hy/7fhgo = 10°V 1 x 1 x 41 x 1077 x 0.3

i.e., about 1 rad/km (or even 57°/km).

3.4.3 Phase Shift: Galvanic Effect

Passing two media of different conductivities o, if the amplitude of the electric field
abruptly changes at the surface of separation (conservation of the charges), the
phase, however, remains unchanged (cf. Fig. 3.12¢). Proportionally, this effect is
comparable to that of a direct current.

3.4.4 Conclusion

In short and schematically, we can say that only the inductive effect due to the
existence of eddy currents (vortex effect) has a significant change in phase
(cf. Fig. 3.12a) detectable on a greater or lesser distance (skin depth).

We would like to remark that if at significant water depths the information about
the amplitude of the field is fundamental, it also shown that for shallow investiga-
tions, the information about the phase now appears to be more appropriate for
detection (Mittet 2008) (Figs. 3.13 and 3.14).

3.5 Effect of the Frequency on Detection

The mathematical models, including 1D, in the frequency domain, allow the
evaluation of the detection sensitivity depending on the frequency (Eidesmo et al.
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Fig. 3.13 Variation in
amplitude and phase
(inductive effect) of an
electromagnetic wave
passing through a more
conductive medium
(air/seawater, for example).
By entering this medium (,
o) the wave is attenuated
(exponential law) and also
undergoes a linear sliding of
its phase

Effect of
frequency

Direction of propagation
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Effect of
conductivity

Conductivity
Frequency

Fig. 3.14 Effect of conductivity (fop) and frequency (bottom) on the penetration of electromag-

netic waves in a conductive medium

2002). They show, for example, within a certain distance (small offset), that the
amplitude of the fields then increases with the frequency (cf. Fig. 3.15).

The increasing frequency also results in an improved accuracy in detection,
shown by the spreading of the curve being less pronounced for the highest frequen-

cies (cf. Fig. 3.15).
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Fig. 3.15 Synthetic, 50
interpretative curves, in
response to a resistive

2 Hz

reservoir-type anomaly for 40 +
four different frequencies
(0.25-2 Hz) in the in-line
configuration (By Eidesmo 30 +

et al. 2002)

1Hz

20

Standardized amplitude (in line)

0,25 Hz

Source 10km

Offset E/R

3.6 Sensitivity to Changes in Resistivity, Bathymetric
and Topographic Effects: Three Examples
of Operational Constraints

Besides the purely instrumental aspects (used frequencies and power), and the
propagation phenomena themselves, other important factors may limit the effi-
ciency of the detection method. This is the case, for example, of the impact of
variations in resistivity on the sensitivity, the effects of bathymetry, or even that of
the submarine relief.

3.6.1 Sensitivity to Variations in Resistivity: Fréchet Derivative

Sensitivity can be mathematically estimated, for example by Fréchet derivative
(MacGillivray and Oldenburg 1990). This allows us to know how a vertical
variation of the resistivity p(z) of the subsoil will influence the field values at the
level A of the receivers. The higher the value of this function, the more the influence
will be considered important. For example for a 1D pattern, the sensitivity function
is equal to the following integral:

he(4,0) = / G*(,2) [5( — 22) — 8(z — 741 )]di(m 7) dz (3.30)
0 VA
with as Green functions:
G*(4,2)].0o =0
G¥(h,7) = 2n h(4,z) (3.31)
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With this type of function, the investigation depth with a current source I may be
then quantitatively determined with greater or lesser precision.

3.6.2 Bathymetric and Topographic Effects

Shallow water remains today an obstacle to the proper execution of a survey and
may in some cases limit the investigations or even make them impossible when the
electromagnetic noise is also important (in the case of surveys in coastal areas).

The Bathymetric Effect and Its Consequences

The effect of bathymetry is mainly present in shallow water where the proximity of
the surface (air) intervenes in the wave propagation. The latter is somehow in direct
competition with the resistant horizon that the deposit represents if it is buried to a
depth comparable to the height of the water. At these depths, it is therefore essential
to make the acquisition with a minimum offset (cf. Table 3.6) so that the surface
waves do not obscure the waves from the hydrocarbon reservoir. The shallow water
then makes the method more sensitive to changes in operating parameters, namely:

— The frequency, geometry, offset source and direction of the measurement
devices

— The conductivity contrast of the marine soil with the seawater

— More especially the submarine relief (Fig. 3.16)

We will see later in the presentation how to remedy this problem in the context
of surveys in shallow water (cf. Sect. 3.13).

T'able 3.6 Source/re(?eiver Frequencies

distance (km) depending on 1y () 0.25 Hz 0.5 Hz 1 Hz 2 Hz

the depth and frequency at

which the surface waves (air 500 4.8 4.0 3.4 30

waves) are dominant 600 5.2 4.3 3.9 3.5
700 5.7 4.7 43 3.8
800 6.1 5.0 4.6 4.1
900 6.5 5.4 4.9 4.5
1000 6.9 5.8 5.4 4.9
1200 7.6 6.7 6.1 5.6
1400 8.5 7.5 6.8 6.2
1600 9.3 8.3 7.5 7.1
1800 10.1 9.0 8.3 7.8
2000 11.0 9.8 8.9 8.4

According to Eidesmo et al. (2002)
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Topographic Effect

We consider here the position of the electromagnetic sensor. If the latter is placed
on the seabed at an angle [ with the horizontal (y axis, for example), the values of
the components of the electric field E, ., and magnetic field H, ., in Cartesian
coordinates, according to the parallel (//) and perpendicular (L) fields to the

topographic slope, form the following equation systems:

E, =E, cosp+E, sinf
e B (3.32a)
E. =E_cosp+E, sinp
and:
H, =H,,cosp+ H, sinp
P ) (3.32b)
H, =H, cosp +H,,sinf

Some authors have determined the effect of this slope on the values of the
components E,. and H, ., in the presence or absence of subsoil anomalies of
conductivity, to propose then some corrections.

Without going into too much detail on the 2D modeling (FDM),?’ where the field
is divided into primary and secondary fields, calculations have shown that, among
other things:

— The distortion of the EM fields generated by variations in seafloor relief also has
both galvanic and inductive effects (Jiracek 1990).

— These effects differently affect the electric and magnetic fields in the in-line and
broadside configurations, by some 10 % at most, for a slope of ten degrees, and

20See Chap. 5.


http://dx.doi.org/10.1007/978-3-319-45355-2_5
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can be differentiated from an anomalous field of the type hydrocarbon reservoir
(Li and Constable 2007).

— The vertical component of the field is less or not at all affected by this topo-
graphic phenomenon.

Other authors (Kiyoshi and Nobukazu 2002) have proposed, for example, for the
mMT method to include mathematic patches in 3D interpretation models by
introducing precise cartographic data.”’

3.7 Reflection/Refraction of EM Waves

As concerning relatively composite, heterogeneous, anisotropic media, the theories
based on the laws of reflection/refraction, which occur among other things in
geometric optics, may not be accurate. However, they may be applicable if and
only if the wavelength A is lower than the characteristic geometric dimensions / of
the posed problem (Landau and Lifchitz 1969).

A<l (3.33)

Related and complex phenomena must be then considered. In particular, it may be
interesting to recall some basics, provided that they can be applied in this very
special case of propagation. Here, we will give some of them.

If quantitatively the electromagnetic waves suffer all through their journey
differentiated attenuations (cf. Sect. 3.11), qualitatively they will also support
significant changes.

We prove (Loseth et al. 2006) that, when passing in different media, char-
acterized in particular by their electrical conductivity, electromagnetic waves,
considered as plane waves, will suffer, except for deformation, some changes of
direction, polarization (rotation) and phase, especially in the presence of a hydro-
carbon reservoir, which makes then one of the essential principles of EM detection.

— In the absence of a hydrocarbon reservoir, the propagation will be characterized
by reflections and refractions governed by the laws of Snell-Descartes, which
will be effective only to a certain depth, corresponding at most to the skin
depth d.

— Inthe presence of a hydrocarbon reservoir, the laws of geometric electromagnetism
provide under a certain incidence of the transmitted wave (El s ﬁl) a phenomenon
of limit refraction driving the energy (E,, Hy) through the deposit, the energy
coming out again at its periphery by the opposite phenomenon (resisting
medium — conductive medium). The fields of the refracted wave then undergo
polarizations and well-known changes of phase, which may be detected, captured,

2!See Chap. 4.


http://dx.doi.org/10.1007/978-3-319-45355-2_4
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and stored. These are different from those that could be detected without the
presence of the reservoir.

We would like to remark that these geometric properties of waves can be
particularly utilized in the context of surveys performed in the temporal domain
(transient electromagnetic technics), where the differentiated propagation times are
then used as in seismic prospection (see Chap. 2, Sect. 3.1.3).

At the interface between two homogeneous media with different electro-

magnetic properties, the tangential components of the electric E'l,z and magnetic
fields ﬁl,z check for a plane wave (Stratton 1961):

iA(E;—E)=0 and fiA(H-H)=K (3.34)

where K corresponds to the surface current, which is zero when the conductivities
are finite, and @ corresponds to the normal vector to the surface of separation
(cf. Fig. 3.17).

When the conductivity of the media is finite, the tangential components are
continuous. In the domain defined by the skin depth 9, the rays follow the law of
Snell-Descartes, such that, as a function of the respective wave numbers k; », and
angles (see Fig. 3.17), we have:

— On reflection:
sin®; = sin6) (3.35a)
— In refraction:

k1 sin 91 = k2 sin 92 (335b)

Considering the incident field vectors, reflected and transmitted, we have:

iiA (E1+E’l) =iAE,
/ (3.36)
A (H1+Hl) — FAH,

or by using the coefficients of reflection/refraction involving the electromagnetic

properties p and e of the media (Born and Wolf 1964):

=1 ppkycosO) — pkycos0; o
L= Woki cos 0 + p ks cos 0,

(3.37)
- 2},12/(1 Cos 91 -

2= Wk cos 0 + p ks cos 0

and:


http://dx.doi.org/10.1007/978-3-319-45355-2_2
http://dx.doi.org/10.1007/978-3-319-45355-2_2
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Fig. 3.17 Block diagrams:
topological changes in

electric E; and magnetic

ﬁl field incident vectors
in TEM mode (wave vector

El). (a) In the absence of a
deposit, the refracted waves
will gradually reduce
(significant skin effect) and
get lost in the subsoil, and
the reflected waves will be
returned to seawater. (b) In
the presence of a deposit,
the refracted waves will
somehow funnel in the latter
(wave guide) just to come
out at its periphery (inverse
refraction) and decompose
at the interfaces in TE and
TM mode
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./  €yk;cosO; —€1kycos0y
== = 1
U 8k cos 0 + &1ks cos 0,

_ (3.38)
— 2¢,5k; cos 0, -,

2 == —
€xk; cos 0 + €1k, cos 6,

formulas that can be reduced when the magnetic permeabilities i » are equivalent
(~4m.1077) and that give the polarization transverse modes TE and TM of the
electric and magnetic fields, allowing us then to define the most suitable methods
for the detection (see Chap. 2, Sect. 2.7.4.3).

3.8 Refraction Conditions: Wave Lengths and Frequencies

Some authors (Ellingsrud et al. 2004) have given the limit refraction conditions in
the subsoil. These depend on the depth of burial of the deposit p; and the wave-
length A of the wave propagating in the sedimentary formation as may be defined
from £ (cf. Eq. 3.16, Table 3.7).

With:
21y/2
Mm) = (3.39)
/OHC
and to ensure proper detection, the investigation process must follow:
0.1pr < A < 5pg (3.40a)

The choice of frequency must also accord limiting factors such as the skin depth and
the distance L or offset between the transmitter and receiver, as also checking:

0.5L <L < 101 (3.40b)

Table 3.7 Frequencies and wavelengths A in the sediments (3200 m-s~', cf. Sect. 4.1) for

different burial depths

Minimal A Maximal A Minimal frequency Maximal frequency
Depths (m) (m) (m) (Hz) (Hz)
250 25 1250 0.008 0.4
500 50 2500 0.01 0.8
1000 100 5000 0.03 1.6
2000 200 10,000 0.06 3.1
3000 300 15,000 0.1 4.7



http://dx.doi.org/10.1007/978-3-319-45355-2_2
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The working frequency will therefore preferably be between 0.1 and 3 Hz. At these
frequencies, the depths of investigation are respectively 5000 m and 900 m
(cf. Eq. 3.24).

For example, for an excitation at 1 Hz, a commonly used frequency, the offset
shall not be less than 1.6 km (0.5 x 1 x 3200) and theoretically not exceed 32 km
(10 x 1 x 3200), the distance to which attenuation is then very important. More-
over, at these distances, the length of the antenna (=200 m) can be neglected, and
can therefore be assimilated into a simple electromagnetic dipole, then to a point
source. To a certain extent this approximation is even more accurate than the
considered distance is important.

3.9 Propagation of EM Waves in the Hydrocarbon Reservoir

At low frequencies, the reservoir acts as an imperfect dielectric material (o # 0 with
o/we < 1). The permittivity € is then complex and depends on the frequency of
excitation (o). The electromagnetic waves penetrate into it, regardless of the
frequency used and all the more easily if it is high.

3.10 The Hydrocarbon Reservoir: A Resistive Wave Guide

Under certain conditions (including wave length), the reservoir may behave toward
electromagnetic waves as a wave guide allowing the latter to propagate at more or
less great distances along these longitudinal boundaries (channeling effect). Under
certain limits (diffusive media) mCSEM can be assimiled to refraction seismic
technics.

If, for example, we are interested in refracted waves entering the reservoir and
agreeing with the theory of guided waves in plates (Kong 1986), which takes into
account the dimensions of the wave guide, width (/) and thickness (¢;,), the wave
number £, in the z direction, depending on the propagation factor & (cf. Eq. 3.15), is

written:
k, = kz—(ﬂ)z— nxy’ (3.41)
£ l th '

where m and n are the integration parameters.
For the same mode (that is to say, for m = 1 and n = 0) the previous expression is
consequently reduced to:
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ky = /K2 — (’—;)2 (3.42)

In all cases k. is smaller than k. When / is largest that the wavelength in the
reservoir, we have then: k, =~ k. In these unique conditions, the reservoir can be
considered as a high pass filter whose cutoff frequency is then dependent on the
dimensional parameters, especially /.

When considering that the dimensions of the reservoir are finite in space (very
good resistivity contrasts), it can be assumed that the electromagnetic waves are
within a volume that can be proportionally compared to a resonator (Jackson 1998).
In this case, the multiple receptions could generate a stationary wave system>~
(resonance frequency), which would somehow have the advantage to amplify the
signal or more precisely to minimize energetic losses and thus provide in the same
way additional information on the geometric characteristics of the reservoir
(in relation to the frequencies) and in particular on its thickness.

3.11 Attenuation of the Electrical Fields, of the Direct,
Reflected and Refracted Waves

In fact, the skin depth has no real physical significance because the propagation
does not stop abruptly. In reality, the magnitude of the field E (it is the same for H)
decreases with the penetration of the lines of force such that for a value of the initial
field Eo, as a function of the skin depth 8, we have at depth z:

E(z) = By et els o) (3.43)

where the real and imaginary parts respectively indicate an attenuation (frequency
effect), and an increase of the phase difference (time effect).

At depth z, the attenuation o may be then commonly expressed in decibels per
meter (dB/m) such that:

E :
s m) = 20 log <E—0) — 20 loge & = — (20 %) loge = 78.6852 (3.44)

hence, at depth 5 (z =9), a specific attenuation of —8.685 dB.

For example, in seawater, more precisely, according to its intrinsic properties
(ow, ey and H), the attenuation as a function of the angular frequency  is given by
the formula (Meyer et al. 1969)>3:

*2Phenomenon not yet exploited. In seismic exploration, in the 1960s, a similar technique was
proposed to directly assess the thicknesses of the sedimentary layers.

23See also Kraichman (1976).
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2
&y, = 8.6850 %? 1+<—J-4 (3.45)

In marine sediments the attenuation is two times lower (lower conductivity), and in
the reservoir it finally becomes negligible (cf. Fig. 3.18, Table 3.8).

When the source moves near the bottom, and the water depth is great enough, we
prove (Bannister 1987)** that the electromagnetic field, on the assumption that the
wavelength is less than the radial distance r, is divided into three types
(cf. Fig. 3.20a):

— The direct waves (corresponding to the real source)
— The waves reflected by the interface (corresponding to the image source)
— Waves refracted along an interface (sea/air or sea/sediments/deposit)

Their respective attenuations follow, depending on the depth of immersion /g of
the source, exponential decreasing laws whose shape in polar coordinates®> can be
summarized as:

— For direct waves (1):26

e Mo with Ry =\/r2+ (z — hy)? (3.46)

— For reflected waves (2):

e R with Ry =\/r2+ (z + hy)? (3.47)

— For refracted waves (3, 4, 5):

e K@Eth) (3.48)

with k = \/@?pye — iop,o representing the propagation factor (see Sect. 3.3.1)
dependent on the angular frequency » and on the electromagnetic properties o, €, G
of the crossed media.

In contrast to direct and reflected waves, which attenuate very quickly (inverse to
the squared distance), the attenuation of the refracted wave does not depend on r. It
therefore propagates further than the other contributions. This more distant propa-
gation is the base of the EM submarine surveys where (guided) interface waves then
decrease less quickly than volume waves (spherical or geometric divergence).

24Theory of images modified in a infinite conducting half space.
2Polar coordinates (r, 8) reported in Cartesian coordinates.
*SFor dialing (1, 2, 3, 4, 5) see diagram (see Fig. 3.19).
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Fig. 3.18 Attenuation 10°
(dB/m) of electromagnetic )
waves in seawater as a 10

function of frequency

Attenuation (dB/m)
3

10° 1 100 10° 10" 10"
Frequency (kHz)

Table 3.8 Summary table of attenuation of EM waves at 1000 m for different involved horizons
(# 6, cf. Table 3.4), including the reservoir

Media Attenuations (1 Hz, at 1000 m)
Seawater —32dB

Marine sediments —17 dB

Reservoir —2dB

3.12 Nature of the EM Waves: Upwaves or Downwaves

At reception, in the presence of a conductivity anomaly (existence of a refraction),
the amplitude of the total field Et received by the receiver, direct waves excepted, is
then composed of the amplitudes of two electrical fields (Eg,,, and E,,,) distinctly
coming from:

— Down waves composed of the direct waves coming from the source (set higher
than receptors), and of the refracted and reflected waves coming from the air
interface

— Up waves composed of reflected and refracted waves coming from the reservoir

such that we finally have:
Er = Egown + Eyp (3.49)

In these circumstances, only the fields concerning the up waves E,;, coming from
the reservoir must be taken into consideration. It is therefore necessary to isolate
them by some adapted discrimination processes.

Schematically, the differentiation between a trap filled or not by oil is made with
the existence or not of up waves (Fig. 3.19 and Fig. 3.20b).
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Fig. 3.19 In the presence of a water reservoir, waves and energy are directly transmitted (6. ~ ;).
No wave is refracted and reflected. There is no upgoing wave; the transmission is complete

3.13 Separation of the Up and Down EM Waves

For a given receiver, placed on the bottom of the sea, the waves refracted by the
reservoir correspond to up waves (up), the only interesting thing; down waves
(down or d) coming from other places must then be eliminated (cf. Fig. 3.20). It
is therefore essential to do a discrimination in order to isolate the up waves.
Fortunately, these latter have a certain number of more or less specific identifiable
features, distinguishable from those of down waves such as:

Propagation at different speeds (cf. Sect. 4.1)

Stronger attenuation for the direct and reflected waves (cf. Sect. 3.11)
A quasilinear offset phase shift (cf. Fig. 3.13)

— Specific polarization (cf. Fig. 3.17)

Theoretically, these effects can be derived from Maxwell’s equations and some
authors (Admundsen et al. 2006)*’ offer from these latter some processing algo-
rithms using measurements of the horizontal components of the electric fields (E;,
E,) and magnetic fields (H;, Hy). This allows us to obtain in favorable cases the
values of the up fields (E"?) such that, combining these fields, we have:

v —1(g - Lu
LT \PM T EE

E2 - = EZ — === H
2 C g

27 An overview of this process is presented in the thesis of L. Loseth (2007).
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Fig. 3.20 Records of the variations of the electric field before (@) and after filtering up/down
waves (b). At an oblique incidence (critical angle), the waves transmitted in the reservoir are
refracted. The “useful” waves correspond to upgoing phenomena whereas the waves from the
downgoing phenomena are undesirable. The direct and reflected waves are more attenuated than
the refracted waves (presence of eddy currents). At low offsets (<2 km), direct waves (/)
predominate. Beyond this distance (>2 km), the dominant contribution is due to the surface
waves (5) and to those from the reservoir (4). In reality, there are many reflections on the different
interfaces (not shown)

where ¢ and € are respectively the complex speed (¢ = \/®/ip,0) and the complex
permittivity, which, for a diffusive field (0 < o/¢), is equal to ic/e

Under these conditions, the dielectric permittivity € no longer depends on the
electric conductivity o (Fig. 3.21).

Other authors, this time from the three components of the electric and magnetic
fields, use convolution filters (Rosten and Admundsen 2008). These are obtained by
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Fig. 3.21 Decomposition

. . d
of electromagnetic waves in up
upgoing waves (up) and up
downgoing waves (d) at
ground level (According to
Admundsen et al. 20006)
d d

up

integrating the Maxwell equations by Green’s functions>® (scalar or tensor), which
then satisfy the Helmholtz equation as:

(V2 + &%) G(x,x,0) = —8 (x — X (3.51)

For example, at the point with coordinate x’, different from x, the electric field is
given by the integral of the surface such that:

E(Y) = fé as) |

where I is the Poynting vector” acting perpendicularly to the closed surface S on
which the limit conditions are laid.

In the spatial domain, to obtain a discrimination of the fields, the surface S is then
divided into three subsurfaces, one in the plan S, of the receptor, the other S, lying
below and the third S, normal to the two others. The rewriting of the integral
(cf. Eq. 3.52) for surfaces S; and S, thus allows us to obtain filters suitable to the
selection of down waves (d) for S| and up waves (up) for S,.

Practically, in x’ the field corresponding to up waves with regard to the reservoir
is obtained by subtracting E(x’) as calculated above (cf. Eq. 3.52) from the actually
measured field Er such as:

28We call Green’s function, denoted G, the elementary solution of a linear differential equation or
a partial derivative equation with constant coefficients. In electromagnetism, the solution is
obtained using a single source (pulse or Dirac delta or §). The general solution corresponding to
the actual source is then equivalent to the superposition of impulse responses, that is to say,
corresponding to the Green functions. These functions may take varied forms as, for example,
analytic functions when the solution of the homogeneous differential equation is known, or an
infinite series of orthogonal functions then satisfying the boundary conditions when the solution of
the equation is unknown.

2Vector that indicates the direction and the sense of propagation of an electromagnetic wave. The

modulus of the Poynting vector (P~ EAH) corresponds to a flux, power per area unit (Skilling
1942).
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Fig. 3.22 Example of records of the phase shift over a conductivity anomaly, before (a) and after
filtering (b) the up waves coming from the reservoir (According to Rosten et al. 2005)

E?(x') = Er(x') — E(x) (3.53)

The convolution filters are then assigned to each measuring channel (X2 or x3).

The separation of the waves is particularly important in the case of prospecting
in shallow water because the waves coming from the interface between the air/sea
first arrive on receivers. In this case it is also preferable to work on the phase
measurements rather than on those of the amplitudes (Rosten et al. 2005), or to
work in the time domain (Weiss 2007; Li and Constable 2010) (Fig. 3.22).

Finally, other researchers (Tompkins et al. 2004), to locate the surface waves
(air waves), propose to establish the ratio of the wave numbers (see Egs. 3.15, 3.16,
3.17, 3.18, 3.19, 3.20, and 3.21) in different media such as:

(3.54)

Re {kwer} _ V2 _ \/a;
Re {kSedimem} /Ho;xw Oy
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which gives, for example, for mean values of conductivity a ratio of 1.73 or
( 3/ 1). In this case, this means that the energy from the surface may be a priori

positioned to a depth greater than 1.73 times that from marine sediments. In other
words, if we consider a water depth of 1800 m, it sets the surface waves at about
4900 m, i.e., 1800+ (1.73 x 1800), and its first multiples (order 2) at approximately
8000 m, i.e., 1800+ (1.73 x 1800 x 2). For a value this time of 1.76 (water thick-
ness of 1000 m) the maximum depth of investigation will then be 1760 m.

Many efforts are currently being made to treat and eliminate down waves in the
treatment process (Chen and Alembaugh 2009), especially in the case of surveys
conducted in shallow water (removal of air waves).

3.14 Phase Shift of the EM Waves and Estimation
of the Depth of the Reservoir

If the amplitude measurements, taken separately, allow us to assess the lateral
position of the conductivity anomaly, they cannot provide in any event sufficiently
reliable knowledge about the depth of the deposit. Nevertheless, it is possible in
some cases, with additional measurements of signals, in particular those concerning
the phases, to obtain this information, which, in the context of the interpretation
(solving the inverse problem in particular), will then be very useful.

For example, for a sine wave in sin(wt) (where @ = 2x/T is expressed in rad/s and
T in s is the period), the phase difference Ad (phase shift) between the transmitted
signal and the received signal for a period of time A¢ (time shift) is equal to:

Furthermore, the additional field Eg (cf. Fig. 3.23) is affected on its horizontal
components (x, y), relative to the signal from the source Ep, by:

— An offset phase shift ¢y due to the distance separating the transmitter and
receiver

— An anomalous phase shift ¢, concomitant to the presence of a resistant horizon
(the hydrocarbon target in this case)

such that finally:
Ad = g + ¢, (3.55b)

Whatever the position of the measurement A, ¢, remains constant. This allows us,
by the evaluation of the latter, to locate more or less precisely the heterogeneity.
The greater ¢, is, the more remote the anomaly is from the surface. ¢, is then
simply calculated by subtracting the offset phase shift ¢, which is itself obtained by
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Fig. 3.23 In the presence of a conductivity anomaly, the diffracted field has a phase lag A¢
compared to the emitted field. This anomalous phase shift ¢, must also be subtracted from the
phase offset ¢ due to the remoteness of the source relative to the receiver. It is the same for the
other used waveforms (rectangular, triangular, etc.)
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Fig. 3.24 Vector relations between the primary, secondary and resulting fields (the secondary
field opposes the primary field) and graphic representations of the amplitude and phase of the
reception signals, in polar coordinates (A, ¢o_,) and in the complex plane (+Re, —Im). From these
two representations, it is then possible to establish the simple trigonometric relations (cf. Sect. 5.4)

connecting angles and real part+Re (in phase signal) and imaginary part —Im (in quadrature
signal)

calculation (see Sect. 3.4.2) knowing the offset of source or by measuring the waves
directly coming from the transmitter (Figs. 3.20, 3.23 and 3.24).

To increase the detection accuracy, we can also theoretically use the Helmholtz
equation:
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(3.56)

It is then possible by solving it (cf. Appendix A2.4) to assess the depth of the
deposit. At this level, it is necessary to make precise adjustments to take into
account the offset phase. Several algorithms fulfilling this function are described
in the technical literature. Some of them use methods of errors assessment (Pavlov
et al. 2009). On the other hand, to get the (horizontal and vertical) position, as in
seismic methods, we also practice migration techniques (Fig. 3.25).

3.15 Amplitude Normalization of the EM Fields

To view more precisely the anomalous field values caused by the presence of the
hydrocarbon reservoir, an amplitude normalization is performed for this purpose on
a scale of 1 to 4 (convention). This curve (C) is obtained by dividing the field
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Fig. 3.26 Diagram of the evolution of the electric field (amplitude in V/A.m” and unitless
normalized amplitude) as a function of the distance T/R (offset) for a given receiver. The long
dashed curve (bottom) corresponds to a response without hydrocarbons (/eft scale). The bell curve
with short dots (fop) corresponds to the normalized response (right scale). The numbers @ and
following refer to the previous figure (cf. Fig. 3.20)

measurements (curve A) by the values of the so-said “oil free” (OF) fields (curve B)
(Fig. 3.26).

(A)ue + B)or = (C)yor (3.57)

For investigations in shallow water (40 m or less), this relatively simple technique
cannot be effective, because of the faster surface waves that arrive first on the
sensors. To overcome this major drawback, a decomposition (Admundsen et al.
2006) followed by a separation of up and down waves are required in advance
(Mittet 2008), or work in the time domain.

4 Temporal Aspect of the Method

Another aspect of the principle of the method is that applied this time in the time
domain. In itself, this principle is not commonly used at the moment. It accom-
panies certain acquisition techniques, in particular those concerning operations in
shallow water.

In the time domain the analysis of the signals can be enhanced by very powerful
digital processing means such as the use of detection windows for example. In a
heterogeneous medium of propagation, formed from successive layers (air, seawa-
ter, sediment, reservoir) with very different electromagnetic properties, the radiated
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energy will propagate in space at different speeds. This will have the effect,
depending on the route taken by the electromagnetic waves, of a delayed arrival
of the different amounts of energy at the receptors. It will be then even faster when
the speed of propagation is high and the journey is short.

4.1 Speed Propagation of the EM Waves in the Different
Media

An electromagnetic field in a harmonic regime can never be completely localized in
either space or time. We must therefore admit an arbitrary definition of its speed
(Stratton 1961). This is generally defined as the rate at which the wave phase
propagates, provided that the field is periodic in space, that it is not deformed and
that the wave train has an unlimited duration (Fig. 3.27).

4.1.1 Speed in Conductive Media

For electrically conductive media such as seawater and marine sediments (disper-
sive media), the speed is affected by the magnetic permeability i, (cf. Sect. 2.2) and
especially by the electrical conductivity o.

If the state of the medium is represented by the function y (z, f), the surfaces of
the constant phase (plane wave) as a function of the pulsation w and the wave
number k are defined by:

kz — ot = Cte (3.58)

These surfaces then propagate up to speed:
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dz o
=22 3.59
‘CTu Tk (3-59)

By replacing the value k£ with 1/5 (cf. Eq. 3.21), we finally obtain the expression of

the phase velocity:
2
e (3.60)
5 Ho©

OpYs

For information, the group speed dw/dk distinct from a wave train limited in space is
here twice the phase velocity, in this case 2c. It then represents the speed of
transmission of energy through the medium.

4.1.2 Speed in Dielectric Media

For dielectric media such as air and imperfect dielectrics such as rocks containing
hydrocarbons, the speed is always affected by the magnetic permeability p, less or
not at all by the electrical conductivity. However, roughly, it no longer depends on
the frequency, but on the dielectric permittivity € such that:

= ! (3.61)

VHo€

4.1.3 In Short

Practically, it is difficult to obtain these speeds precisely, especially in sediments
because the variation of the electromagnetic in situ parameters can be very large
and dependent on the depth of burial. It may, however, be possible, thanks to the
above formulas, to give an estimation (cf. Table 3.9). Theoretical calculations also
show that:

— In conducting media (seawater, marine sediments), the speed of propagation of
electromagnetic waves is even faster than the electrical resistivity is high
(cg>cw)-

— In more or less resistant media (air, oil), the speed of propagation of
electromagnetic waves is even faster (¢, > cyc) than the dielectric permittivity
is low.

— Electromagnetic waves propagate with greater velocity in the air and in the
reservoir (rather resistant media) than in seawater and sediments (rather con-
ductive media).
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Table 3.9 Average speeds of Media Propagation speed (m-s ')
EM wave propagation in SBL A 310°
(ULF) at the frequencies used 5 .
and in the different concerned _Seawater 1600
media Marine sediments 3200
Reservoir® 22,000

4Speed of light in a vacuum

"In seawater and some sediments the propagation velocities of the
electromagnetic waves at these frequencies are substantially
equal to those of the sound in these components

“Speed, which can be very different from one reservoir to another

Fig. 3.28 Variation of the 10°
propagation speed of EM
waves (VHF-ULF) in s
seawater as a function of 10
frequency (dispersive
medium) 10’
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S
& 10
104[
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Frequencies (kHz)

— In a wave guide (reservoir) the phase velocity is different from that of a plane
wave (infinite medium) (Fig. 3.28).

This has the immediate consequence that the refracted waves in the presence of a
hydrocarbon reservoir, on condition that the water depth is sufficient, arrive first at
the receivers (cf. Fig. 3.29).

4.2 Time Courses of EM Waves According to the Distances

Depending on travel D and propagation speeds ¢ in the media, the different waves
will arrive against each other in more or less delayed times.

It is obvious that under these conditions, suitable signal processing in the time
domain has an advantage in discriminating the different signals and more
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1.ms 6. ms

Fig. 3.29 Diffusion model of energy (1-6 ms), which spreads faster in the marine subsoil
(0.5 S/m) than in seawater (3 S/m) (According to Edwards 2005)

Table 3.10 Relative magnitude of the travel time of electromagnetic waves in different natural
environments according to travel D

Media (stimulation at 1 Hz) Propagation time (D/c)
Seawater (direct wave) 1s

Marine sediments (direct wave) 05s

Reservoir (refracted wave) 0.1s

Fig. 3.30 Variation of the T

propagation time as a -« |:| |:| ] ] D
function of offset changes

due to the movement of the Offset R
source T (R fixed receiver) I = ‘=|:|

particularly those coming from the reservoir and those arriving from the surface (air
wave) through the seawater (see Table 3.10).

4.3 Propagation Time Depending on the Offset

The distance between the transmitter and receiver (called the offser) varies because
during a survey the source is mobile and the sensor is stationary. The relative speed
between the two devices is that of the transmitter, i.e., that of the boat towing it at
the surface. In a homogeneous medium, the propagation times increase with the
offset. In a heterogeneous medium, with gradual changes in conductivity even with
discontinuities, it is quite different because the waves then propagate at different
speeds (Fig. 3.30).
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In reception, it is therefore necessary to correct the measurements of the effect of
the offset to finally keep the useful signals only, i.e., those involving only the
propagation.

When the signals can be specifically described in the time domain (pulse, sweep,
for example) then this correction can be easily performed by synchronized clocks
present in the instruments (T/R).

5 Theoretical Evaluation and Measurement of EM Fields

The definition of the evaluation devices and their metrological characteristics must
fit jointly with the orders of magnitude of the signals that may be collected and the
ambient noise (background noise). This determines the power to be injected
(transmitter) according to the received powers (receptors). This power ratio then
defines the signal-to-noise (S/N) ratio. To determine this ratio, it is desirable to a
priori assess it theoretically.

The theoretical evaluation of the electric E and magnetic B fields due to a distant
source mathematically corresponds to Maxwell’s equations being solved in the
marine environment.

5.1 Maxwell’s Equations: Positioning Problem

iot

If we consider that, for a harmonic stimulation (source) in e, the displacement
currents are negligible compared to the conduction currents, Maxwell’s equations
are written:

N
. B 3.62
B (3.62)

where the current density =15 (r — ro) is required by the source distant of r.
Using the potential magnetic vector®” A, the magnetic field is at once written:

B=VAA
The electric field, from the preceding equations, becomes equal to:

. S T,
E=iof+ o V(V.A) (3.63)

39The potential vector is a mathematical tool that allows us, by introducing additional functions, to
simplify the calculation procedures for the evaluation of magnetic and electric fields. For example,
the fields are calculated from the potentials (specified sources), solutions of the Helmholtz equation.
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and where the Lorenz gauge®' has been specified (cf. Fig. 3.31).

5.2 Calculations of EM Answers in TE and TM Modes

From the equations developed above (see Chap. 2, Sect. 2.7.4.3), the values of
radial electric and magnetic fields (E,, B,), azimuthal fields (E4, By) and vertical
fields (E., B,) were analytically or more often numerically calculated by some
authors (Chave and Cox 1982; Andreis and MacGregor 2008; Chave 2009)32
depending on their electric transverse components (TE) and magnetic transverse
components (TM), in a typical configuration of exploration (a canonic thin HC
layer model).

As an indication, in a finite medium of height / (see Chap. 2, Fig. 2.4), of
electromagnetic properties p,, and o (seawater), located above a resistant thin
structure (HC), the fields corresponding to the model of the figure (cf. Fig. 3.32)
are given as a function of the dipole moment P (or I, x L) by the following
relations:

— For the electric field:

o cosh / K BokJo(kr) — Jy(kr)/r + o Ji(kr) >eﬁ0“,

LRI 0 Bup (1~ RIFR[e )
Bok.]o(kr) - J1 (kl‘)/ ™ Jl (kl‘) B et
+( N (Y R
BokJo(kr) —J1(kr)/r . J1(kr) N
O, R ePBolz+2 =2
* ( 1+ RTM —2Boh 10K rﬁopw(l _ R;{EREEe*ZﬂOh) A
BokJo(kr) —J1(kr)/r oy Jy(kr) - .
+( 1+ RMMe-250h R™ +impg rBopw (1 — RIFRTFe- 2007 RIER[E | ePollz==1=2) | dk

(3.64)

3I'The Lorenz gauge decouples differential equations on the vector and scalar potential and then
gives rise to a general solution using Green’s functions.

320ther authors have developed solutions in an infinite medium (Chave and Cox 1982).
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Fig. 3.32 Pattern in the horizontal plane (@), section in the vertical plane (b) (According to
Andreis and MacGregor 2008). (a) Decomposition of the field into its various components
(horizontal and vertical) and transverse modes (TE). (b) Geological cross-section or pseudosection
currently used in the calculation of synthetic fields, also called a canonic model
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— For the magnetic field:
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where R{F and RM are the coefficients that define the interactions of transverse
TE and TM modes with the bottom of the sea, and R}F those with air

— Jop and J; are respectively the Bessel functions of order 0 and 1
Bo according to the wave number k is equal to:

1o py

Bo = /% —
0 Pu

(3.70)

The previous equations expressing the amplitudes of the various components of
the electric and magnetic fields according to the transverse modes can be used to
establish the orders of magnitude (see details below). In deep water (the best case),
we find then fields of the order of 10™'2 V/A.m>. In contrast, in shallow water,
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because of the presence of the surface (air), and its important contribution to the
phenomenon of propagation, the field is 10" V/A.m? (Andreis and MacGregor
2008).

Details of these field calculations: they can be found in different articles cited in
the bibliography. The complexity of these developments require high mathematical
knowledge. They have high sensitivity if we have a lot of additional geological data
that allow the inversion process. In Chap. 5 (Interpretation) we preferred to describe
in detail the easiest methods using simplified analytical resolutions (forward prob-
lem) with some approximations, probably less accurate but, in our opinion, more
demonstrative.

5.3 Measurements: Evaluations of E and B Fields

Considering on one hand the measures of the values of the electric field E and
magnetic field B in two horizontal directions x, y perpendicular to each another, and
the Laplace equation on the other hand:

0E, OB, JE._ a7

2 e _ —_—
VE=5 7t %

an equation that shows that the electric field is conservative (no charges accumu-
lation), and that it derives from a scalar potential (gradient), then it becomes:

OE, O0E,  OE.

x ey e (372)
and:
aali aa]i* x E. (3.73)

By solving these equations, we now get:

— For the horizontal transverse electric fields (x and y components):

aEX OE, _Ppw (I)/ Bok™T 1 (kr)

Ox Ty 1+ RMe—20h

[—ePol 2] RTMg ol 4] _ o=oll421-20) | RTMf((=+2-20)] gf
(3.74)

— For the corresponding magnetic fields (x and y components):


http://dx.doi.org/10.1007/978-3-319-45355-2_4
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The data can be then expressed (cf. Fig. 3.24) as complex numbers (real and
imaginary parts) or in polar form, i.e., amplitude (vector) and phase (angle). These
can be simultaneously measured by one device only, such as a synchronous detector
(see Chap. 4, Sect. 5.4.2).

5.4 Elliptic Representation of the Fields

In practice we rarely record the pure modes of radial and azimuthal components of
the horizontal transverse fields. For this reason, it is convenient for the interpreta-
tion of data, or to determine their orientation after that (Key and Lockwood 2010),
to calculate these values and geometrically represent them.

If we consider, for example, two measures of amplitude E; , and of phases @; »,
taken in perpendicular directions, such that we have (polar form) Elei‘pl and Ezei“’z,
it is possible to build from these values a polarization ellipse.

The latter is defined by the values of its small and large axes ( pyin and pmax) and
by the angle ag, which makes, for example, one of these axes (ex: pnax) With an
arbitrary direction (ex: East). We obtain in this case the following relations:

Pmax = |Elei((p]_(p2> sinag + E; cos (XE|
Prmin = |E1€1®'~9%) cos a + E; sin o | (3.76)
2B,E, cos (@1 — @)

Ej —E}

tan 20 =

From this ellipse, oriented and declined with its geometric characteristics, we can
imagine all sorts of graphs allowing us to visualize the different effects
(Fig. 3.33).

We can also calculate, except for the scale factor e, the ratio of the area of the
ellipse to the one of a circle of unit radius (pmin pmax)/4e2 or even use the
advantages of vector analysis.


http://dx.doi.org/10.1007/978-3-319-45355-2_4
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Fig. 3.33 Polarization ellipse of the transverse components of the horizontal fields E, , in a

North/East axis system (a) and above field polarization around a conductivity anomaly (b)
(According to Key and Lockwood 2010)

5.5 Amplitude Units of the Electric Fields

The values of these measured electric fields E representing a potential gradient are

expressed in V/m or more precisely in V/m/+/Hz when considering the frequency.
It is also possible to overcome the various operational conditions, to perform a
normalization of the measurements.

To normalize the field values in relation to the source (emission dipole in
general) whose power can vary from one transmitter to another, it is preferable to
involve the dipole moment of the transmitting antenna (commonly known P in
some publications), which corresponds to the product of the current flow I, (inten-
sity) by the antenna length L. The standard voltage is then equal to:

E_  Eym
Vigarime] = 5 = 3.77
VAT =] TP T (I X L) (377)
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a value that can be indifferently transferred from one piece of equipment to the
other.

5.6 Measurement, Evaluation of the Background Noise EM
and the S/N Ratio

The background noise can occupy a spectrum in the usable frequency band and be
induced by a large number of anthropogenic and natural factors related to marine
and geological activity (Kaushalendra Mangal Bhatt 2011). Its evolution over time
and space is characterized by features that can be exploited by means of signal
processing both temporally and spatially.

5.6.1 Temporally

The EM background noise is characterized by a voltage that varies unpredictably
over time. This random function of time can be studied, taking into account its
temporal development (deterministic approach) or by the laws of probability that
govern it (ergodic noise).” Noise can be entirely or partially eliminated by analog
or digital filtering (hardware: rejection filters —ad hoc analyzer) and/or data
processing (software: sampling — statistical treatment).

For example, if we consider that for a sinusoidal signal of the form:

S(t) = Acos ot (3.78)
and for a noise level:
b(¢) = acos or + bsin (o) (3.79)
the resulting signal is then of the form:
R(7) =T cos (ot + @) (3.80)

a and b are known (deterministic variables) or unknown (independent random
variables) functions of time that change over time according to the laws of chance
(Gauss law) (Fig. 3.34).

The decomposition of the signal can then be obtained by a suitable measurement
line composed, for example, of:

33When the study of one of its parameters by either method produces the same result, the function
is called ergodic.
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Fig. 3.34 Decomposition
in the Fresnel plane of the
resulting signal, sum of the
useful signals and the noise

I » Resulting signal

\ 4

— A quadratic detector, which will have its output given by the squared modulus of
the resulting signal (I'®)

— A linear sensor that will give the module of the resulting signal (I")

— A demodulator with a reference in phase with the useful signal ((I'cos @)

5.6.2 Spatially

In space, the background noise can vary from one place to another but is mainly
dependent on the water depth (Cox et al. 1968). It is due:

— In coastal, littoral and harbor zones, mostly to human activities (traffic and
maritime works), or more rarely to waves (Warburton and Caminiti 1964)

— In ocean areas, to natural water movements (currents, tides, etc.), to rapid
changes in the earth’s magnetic field, to the movement of earth currents, and
to some causes as diverse and varied as earthquakes, waves gravity,”* etc.

In the deep sea, at several thousand meters of water depth, we estimate by
measurements the noise at several pV/m/v/Hz. On average, the background
noise on the ocean floor is appreciated by service providers at 107 '® V/A.m? a
1 Hz, i.e., to at least 1 pV/m.

Then we obtain, in the best cases, an S/N ratio of about 1000 (or 1 nV/m =+ 1 pV/
m). On shoals, ambient noise may exceed 10 nV/m/ v/Hz with more important
participation of surface waves (wind). In these most unfavorable conditions, the
S/N ratio is therefore significantly reduced (Fig. 3.35).

If at medium to large water depths, the noise level does not affect the field
measurements, in contrast to shallower depths, it is of the order of magnitude of the
desired signals (cf. Fig. 3.26). This therefore gives the method, in spite of the fact of
having a higher emission power, an S/N ratio even lower when the water layer is
thin and when the presence of the air/sea interface increases the amplitude of the
interference signals.

3Generally these latter correspond to epiphenomena restricted in time.
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6 Definition of Acquisition Systems and Operational
Procedures

Once the order of magnitude is determined and the background noise is measured,
evaluated and quantified, a detection strategy must be implemented. It must also
take into account operational constraints, which are severe in this type of investi-
gation in a hostile environment.

6.1 Injections of Energy in a Geological Medium

As seen in the previous chapter, there are several ways to transmit electromagnetic
energy in a material medium.

6.1.1 Types of Sources

For SBL techniques, depending on the type of aim, and magnetic sources aside, it is
possible to select two of them:

— One without electrical contact with the seawater, which is to induce a magnetic
field using an isolated turn (closed current loop) or a coil (several turns), in
which circulates an alternating electric current

— The other with contact (open current loop). which is to directly inject the current
through one or more immersed electrodes.

In both cases, the means of transmission of energy (induced currents or galvanic
currents) are positioned slightly above the seabed so that the maximum power can
penetrate the underlying grounds (cf. Fig. 3.36). Generally, the first method, called
inductive, applies in geophysics with relatively high frequencies in order to pene-
trate any resistive layer (compact sand for example) as shown in surface
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+m

(a) (b)

Fig. 3.36 Types of source with EM power. (@) Inductive source: circular coil in the horizontal
plane corresponding to a vertical magnetic dipole or VMD (£m), which, for the moment, has not
yet been used to our knowledge (A recently patented device (MacGregor et al. 2008) that creates
horizontal fields and thus discriminates through the differentiation of the galvanic/inductive
effects the anomalies attributed to hydrocarbons from the other heterogeneities of the seabed.
A related device was proposed in the 1970s (Duroux 1974)). (b) Galvanic source with electrodes:
horizontal electric dipole or HED (£q) currently in service. The galvanic source, placed in a
horizontal plane, provides a sense of wave propagation in both the horizontal and the vertical
plane, in contrast to the purely inductive source, which ensures that only in the horizontal plane

prospecting.® This type of source essentially generates some magnetic field and
seems for the moment, except for certain geological configurations, not suitable for
underwater detection of hydrocarbons. However, devices proposals are being
studied for use in association with controlled sources (mCSEM) or telluric sources
(mMT). This would have the advantage of being able to differentiate the galvanic
and inductive effects, the latter only propagating in the horizontal plan (MacGregor
et al. 2008).

The second method, called galvanic, uses an electrical current of very low
frequency, which flows even better when the ground has good conductivity

35In marine exploration this could be the case above basaltic horizons or salt domes, diapirs, gas
hydrates, etc. In the 1970s, very low frequency devices were proposed (Duroux 1974).
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Fig. 3.37 Galvanic electric field E and induced electric field E, in a horizontal plane, caused by
the circulation of an electric current in an antenna (insulated cable) placed in a conductive medium
and escaping through one of its ends

(limiting losses by the Joule effect at the injection electrode). This type of source is
particularly adapted to receive galvanic dominant responses, but also inductive
responses. Its energy also propagates vertically and horizontally. For now, the
galvanic source with horizontal transmission (linear antennas) is the only one to
be practically used in the context of oil exploration.

Exxon is now studying the possibility of using sources with vertical antennas
(Fielding and Lu 20009).

6.1.2 Topology of the Transmitting Antenna

In EM seabed logging as it currently stands, the emission dipole is immersed in a
relatively homogeneous and isotropic medium (seawater). This has the immediate
effect of a total and uniform dissipation of energy in all space, followed by the
coexistence in the crossed media of the inductive and galvanic phenomena (Walker
and West 1992). These result in the presence of two types of energy transfer, more
or less dependent on the conductive nature of the traversed media, i.e., of the
sedimentary underlying series.

Metrologically, according to the law of induction on currents (Ampere’s theo-
rem), the use of an antenna where a current I flows, which escapes through one of its
ends immersed in a conductive medium (seawater), creates in its proximity both a
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field of parallel force (galvanic field E) and a field of force induced by B,

perpendicular to its direction A (induced field E,). The value and the topology of
the associated magnetic field are located in the Appendix A3.2.

If the transmitting antenna (cf. Fig. 3.37) is placed in a horizontal plan parallel to
that occupied by the seabed (plan F'), the two electric fields E and E,, of which the
first is sensitive to the possible presence of a resistant layer and the other is not, can
then be measured in the horizontal plane II (containing the antenna) or in any other
plane IT* parallel to the latter, for example placed above the seafloor (plan F).

To further minimize the problems of interpretation, it is important to have an as
homogeneous as possible electric field.

At this time, purely inductive wire antennas are not used. The reader interested
in the question especially for its theoretical aspects (calculations of the related
fields) may consult with interest the work of Professor Bannister on the propagation
of electromagnetic waves at sea (Bannister 1980) and that of Webster, the oldest,
which reminds us of theoretical studies on submarine cables (Webster 1897).

6.2 Sensitivity and Topologies of Fields Measurements

The mCSEM is set in an exploration context of the type dipole—dipole where
transmitter T and receiver R can be arranged in various layouts or topologies.
Configurations in line (T/R aligned) and broadside (T/R parallel) are not sensitive
to the same geological features. For example in the presence of a resistive layer
(e.g., an HC reservoir), the field amplitude measurements are more sensitive in the
in-line configuration (cf. Fig. 3.37) than in the broadside configuration (cf. Chap. 2,
Sect. 2.5.5). However, the phase measurements of these same fields have reverse
sensitivity (cf. Fig. 3.38).

The sensitivity also depends on the choice of the frequency, which results from a
trade-off. At a high frequency, the effect of the oil reservoir on the measured field is
important and may not be detected above the noise level (great attenuation). At low
frequency, the S/N ratio is very good, but the fields are unable to resolve small scale
structures (inferior to the wave length signal). In these conditions it results in bad
resolution. In practice the frequency bandwidth is therefore narrow (0.01-10 Hz)
and multiple frequency acquisition is needed.

6.3 Electrical Fields Measurements

The weakness of these electric fields, in both intensity and direction, requires
instruments of high sensitivity with multiple acquisition channels corresponding
to exhaustive information outlets. The sensors are thus composed of at least two
antennas capable of measuring the intensities and phases of the transverse


http://dx.doi.org/10.1007/978-3-319-45355-2_BM1
http://dx.doi.org/10.1007/978-3-319-45355-2_2
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components TE, and TE, (rectangular coordinates) of the electric field E in the
horizontal plane. For each of the antennas, placed perpendicular to each other, the
energy collection is performed:

— Either by biaxial measurements of a potential difference across two
unpolarizable electrodes distant from a certain length even greater when the
expected field is weak

— Or, more recently, by triaxial measurements of the current density, directly
dependent on the surface collection of the electrical signal

In both devices, it is essential that the meter only samples minimum energy
(electromotive force or current depending on the type of electrometer used)*® so as
not to locally disturb by its presence the distribution of the force field nearby, which
would then have the disadvantage of generating fake events, making the interpre-
tation obsolete.

6.4 Magnetic Field Measurements

For some applications, such as processing and separation of up/down waves
(cf. Sect. 3.13), the acquisition devices may be complemented by magnetic sensors
(triaxial magnetometers) to measure changes in the transverse components of the
magnetic field.

3See Chap. 4, devoted to instrumentation.
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6.5 Recordings, Calibrations, Standardization
and Presentation of Results

Electric and magnetic fields are recorded according to the distance (offset) between
the measuring devices (electrometers) and the source. The adopted unit of measure
is V/A.m? (cf. Sect. 5.5). Before that, measurements are calibrated and standardized
to take account both the variations of intensity of the source (not constant in time)
and the differences in power due to the offset over all the receivers.

In situ calibration®” corresponds to two successive stages prior to and after the
run (source displacement). One or two reference R,.¢ sensors are available for that,
installed at the end or edge of the profile, which continuously record the variations
of the electric and/or magnetic fields throughout the survey.

Measurements standardization is an important mathematical phase of the acqui-
sition processing, which allows us to reset the profiles among them (receiver by
receiver) by an arithmetic operation that compensates for differences in calibration
especially performed at the surface. This usually includes a displacement toward
the origin (a shift toward the R,.¢) and a rotation for the final alignment (Figs. 3.39,
3.40, 3.41 and 3.42).

6.6 Errors, Accuracy and Measurement Uncertainty

The interpretation by data inversion (cf. Chap. 5) requires that the instruments
deliver information with maximum precision,38 ..e., in other words, by drastically
reducing the effects of errors. This can only be done very often at the cost of
decreasing the resolving power and very strict quality control (Fig. 3.43).

3Not to be confused with electrometer calibration, which is done on the surface ship before
immersion (cf. Sect. 6.7).

38Accuracy is evaluating the absence of errors e (¢ = measured value — actual value). When the
latter are present, the equation becomes Q. =f(P)+e,e=0 -0,

There are two kinds of errors: time-independent (static) errors and time-dependent (dynamic)
errors, which respectively are in the form eg=g(Q), e =g(0, t)

The coherent noise is, for example, a case of dynamic error. However, there are random
variations related to the environment that can only be treated by statistical methods. The arithmetic
average of a finite number N of measurements is then:

_ 1 &
Q:NI;Qi

The errors affecting the accuracy mainly come from the sensors, the processing and the location
of the instruments (T/R). Errors can also be classified into systematic, random or accidental errors
and mathematically defined. More simply, an absolute error is defined as the difference between
the measurement and the true value, and a relative error as the ratio of the absolute error to the true
or measured value.
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Fig. 3.40 Values of normalized amplitudes (electric field M, magnetic fields O) for a given sensor
compared to a reference sensor in the function of the distance to the source (offset) and theoretical
curve (in gray)

One of the errors introduced in SBL, which may limit an operation or even make
the data unusable, is the uncertainty inherent in the location of the equipment and
especially of the source, which moves continuously with more or less accuracy
above the bottom.

For example, if we assume an uncertainty of 10 m in the depth ratio (8/zg) for an
investigation carried out at a frequency of 1 Hz and for marine sediment resistivity
of 1 Q.m, it produces an error of about 2 %. At low bathymetries (zg), when the skin
depth (8) is more important, then the error may reach 4 %.

In addition, measuring instruments must also possess intrinsic qualities that are
defined by their accuracy, precision, repeatability, etc. (cf. Chap. 4, Sect. 2.4).
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Fig. 3.43 Main qualities of field measuring instruments and their interdependence

6.7 Measurement Quality Control

Quality control is monitored at all stages of the acquisition and processing of data.
In operation, this control is provided by a number of dispositions and devices, the
main ones being:

— At the beginning of the survey, before immersion, electrometers are checked and
calibrated (surface calibration) in an instrumented tank (a tank filled with water)
or in an equivalent device located in the cargo hold.

— During the survey, the acquisition is controlled in situ by a reference electro-
meter (in situ calibration) whose data will provide a posteriori the normalization
operation of all measures (cf. Fig. 3.41)

— Atthe end of the survey, the data are checked and, if necessary, the electrometers
are calibrated a second time for corrections, especially those concerning instru-
mental drifts (including electronic).

During all phases of processing, data are continuously analyzed and verified by
tests of convergence and certified at every stage of the acquisition process (sorting)
up to the final interpretation phase. For now, there is no standard quality specific to
SBL as may exist in other domains such as downhole well logging or marine
seismics.

6.8 Optimal Conditions of Detection in EM SBL

The decision to operate in a future field is not acquired if optimal conditions are not
met. The latter concern in particular:

— The water depth

— The depth of the reservoir

— The level of the electromagnetic noise, which affects the S/N ratio
— The contrast of resistivity (sediment/reservoir)

— The transverse resistivity

— The volume of the target
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Of all these factors, the depth of the deposit is by far the most important
parameter to take into account in the estimation of optimal conditions of detection.
It is generally estimated through seismic data acquired during the previous phase of
exploration. The other parameters are either readily available as already known or
easily identifiable (background noise), or more difficult to understand, as for
instance those concerning the specific resistivity of the grounds if a logging
campaign has not been done in advance.

6.8.1 Index Feasibility: NAR

Using some of the previously explained data, when they can be considered reliable,
as the automatic models were developed for their interpretation (including resolu-
tion of the forward problem), we can say that the operation is possible or not.

If we have a lot of information, we can also evaluate the chances of success with
more or less accuracy on a given geological prospect. For this we establish a
feasibility index (Stefatos et al. 2009). It corresponds then to the reduced ratio of
the difference between the normalized amplitudes of the value of the transverse
component on x of the fields E, normal and anomalous in the presence or absence of
a deposit. In reference to Fig. 3.44, the NAR (normalized amplitude response) is
then simply given by the formula:

| E)r(es _ EEck ’

NAR = Ebck

(3.81)

Not all prospects are therefore considered suitable for this type of investigation.
However, we can consider that the percentage of inappropriate sites or situations,
compared to the hundreds of research studies conducted to date, remains relatively
low and estimated to be of the order of about 15 %.

More precisely, if we stick to operations in recent years, we can say that the
survey can be attempted in three quarters of cases.

Experience has shown, for example with a less than 15 % NAR, it actually
becomes difficult to differentiate a subsurface anomaly with its lateral and vertical
effects from a deeper anomaly due to a hydrocarbon reservoir. The percentage of
15 % therefore seems to be the lower and significant limit today not to exceed to
successfully operate a prospect in good conditions (Heshammer et al. 2010)
(Fig. 3.45).

6.8.2 Need to Detect and Map the Pipelines
When the survey is carried out in the context of a valorization or an extension of an

mature oil field or a field during operation, the network of present pipelines will
interfere in the measurements (Sainson 2008, 2009). In this case, it is essential to
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Fig. 3.44 Example of obtaining an NAR in the Barents Sea: 20 % in the prospect (According to
Heshammer et al. 2010). A standardized amplitude of 1 indicates that the selected receiver R has
the same standard amplitude as that of the reference receiver R ;. An amplitude of 1.5 shows that
the selected receiver R has a normalized amplitude 50 % greater than that of the reference receiver
Rref
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have precise mapping of underwater lines. It is not usually very easy to get, but
there are internal means of auscultation of these pipes as intelligent pigs (cf. Chap. 6,
Sect. 5.2), and even external means (sonar, ROV, AUV, instrumented fish, etc.) that
immediately allow us to obtain relatively satisfactory results (Sainson 2007).
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Fig. 3.46 Effect of a pipeline O on field measurements on Frigg concession (North Sea)
(According to Price et al. 2010)

We can note that no disturbance due to cathodic protection (DC) has a priori
been observed so far (Fig. 3.46).%°

Wells may also interfere. However, their vertical structure (completion and
metal casing) should theoretically have lesser and more localized impacts on the
data. Their trajectory can also be mapped by downhole directional type logging
tools (Kong et al. 2009; Sainson 2010).

6.9 Measurement Conditions Favorable
in Electromagnetotelluric Detection

As a general rule, the mEMT method (or mMT) uses a source of natural currents on
a spectrum at very low frequencies, relatively wide, and where each band thereby
defines the depth of investigation (cf. Sect. 3.3).

EM controlled source seabed logging has relatively favorable local conductivity
conditions for depth investigation of a few hundred meters at most (low resistivity
and high contrast). It is quite otherwise with mMT, which must consider investi-
gating at much greater depths (several thousand meters) where the resistivity of the
surrounding grounds then greatly increases with depth (less and less important
presence of infiltration of saline water), thereby decreasing the contrast with the
Teservoir.

3The anodes only debit when there is a loss of electrical insulation; steel is then in contact with
seawater (Sainson 2007).
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6.9.1 Need to a Priori Identify Geological Criteria

In this very particular case of research, rather unfavorably, Archie’s formula
(cf. Eq. 3.9) allows us, relatively speaking, to predict to what extent the geoelectric
conditions are most suitable for detection. More specifically it can be said that:

— For the reservoir, these conditions will be all the more interesting when its
thickness and porosity and the temperature and salinity of its formation water
are high.

— For the sedimentary series above and under the reservoir, these conditions will
be and when their lateral facies and power variations are regular and progressive.

It is difficult to set orders of magnitude, since these parameters must be very
closely examined relative to each other, all the more exactly as in these depths
tectonics may also play a significant role. Clearly the possession, for the explored
area, of seismic surveys (for structural features) and electric logs (for the electro-
magnetic properties of the layers) will be undeniable advantages to raise all
indeterminacies.

We would like to remark that the depth of the reservoir does not directly
intervene in theory. However, as the resolution power decreases with it, the targets
should be all the more important than they are deep, which is valid for virtually all
known potential geophysical methods (e.g., gravity).

6.9.2 Need for Seabed Measures

At the sea surface, the conductive water of conductivity ¢ is in perpetual movement
(swell, waves, etc.). The local current density then depends not only on E (case of a
conductor at rest: J = o E) but also on the speed of movement V of the water mass in
the terrestrial magnetic field B'. In this new case (of a moving conductor) the

. . =/ .
resulting electric field E is then equivalent to:

E=E+vAB (3.82)

The current density naturally becomes:
- S |
J:G<E+VABJ (3.83)

For example, considering a water movement speed of 0.1 m/s, and a value of the

vertical component of the terrestrial magnetic field E: of 3.10~* Wb/m? at this
place (Cox et al. 1968), we obtain in the considered water column an additional
field (Lorentz effect) of about 3 pV/m, i.e., of about the same order of magnitude as
that coming from terrestrial signals in the same band (=102 Hz; mMT). At several
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Hz, generated by the water flow and the turbulence in the mCSEM bandwidth, the
additional field is not more than a 1 pV/m (Fig. 3.47).

Seabed ocean currents (terrestrial tides, the Gulf Stream, etc.) can affect the
measurements (Filloux 1987; Cox et al. 1978.). However, their longer and clearly
identified periods can be eliminated by appropriate treatments (mechanical or
electronic filters).

Furthermore, if it is also admitted that the pressure and temperature variations
between the surface and the seabed change the chemical potential of water and we

express it by a gradient — ﬁ@, the current density is also assigned an additional term
(Landau and Lifchitz 1969) proportional to this gradient, such as:

T=o (E—aﬁq) (3.84)

the latter then being all the more lower than it is deep (a).

In order to eliminate interference voltages, it is desirable, in any event, to carry
out field measurements on the seabed where marine movements and temperatures
are minimal, the chemical potentials lower and the sensors immobilized by their
anchorage. This also has the advantage of limiting the voltages induced by the
movement of the arms supporting the sampling electrodes. Under these conditions,
the equations (Cf. Eqgs. 3.82 and 3.83) reduce to Ohm’s law applied to a conductor at
rest, ie., J=ocE

We would like to remark that in mMT prospecting theory shows that MT
relations deduced from Maxwell equations, for a certain depth of the subsoil, are
independent of those on the electromotive forces of the cut flow induced in the sea
(Cagniard and Morat 1966).

6.9.3 Need to Take the Water Depth into Account
Apart from attenuation phenomena inherent to the intrinsic diffusion of waves in

the water (see Chap. 4, Sect. 4.5.4), it is theoretically shown that the values of the
electromagnetic fields are sensitive to the presence of the seabed in an even more
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important way when the water layer is thin (see Sect. 3.6.2) and the conductivity of
the underlying ground is high.

Furthermore, it has been shown experimentally*’ that there is a significant
decrease in these fields values with a concomitant increase in the water depth and
the proximity of the bottom.

In these circumstances we accept that it is necessary for a correct interpretation
of the measurements to imperatively make a reduction of the raw marine data*'.

6.9.4 Need to Control Anthropogenic Activity

Measurements can also be affected by electromagnetic interferences due to the
presence of the survey vessels (ferromagnetic hull) and to their movement in the
conducting water and the local geomagnetic field.

Those interferences:

— Of a static nature correspond to galvanic, electrochemical and electrokinetic
currents (polarization cells, corrosion currents, stray currents, cathodic protec-
tion, etc.)42

— Of a magneto- and electrodynamic nature are equal to the eddy currents

They can also come from electric currents in the onboard equipment (engines,
machinery, lighting, generators, cables, etc.), which circulate and escape the boat.

A few hundred meters away from the ship, the amplitudes of the electric and
magnetic interference fields are respectively of the order of 1 pV/m and 10 pT on a
frequency band of a few Hz.

These signals are easily locatable by identifying their frequencies a priori
(location, identification and in situ measurements) and estimating their specific
signature a posteriori43 (Schermber 2006; Guibert 2009) (Fig. 3.48).

These anthropogenic noises finally need to be taken into account for all struc-
tures and industrial activities present on the prospect (harbor area, military and
civilian maritime traffic, oil platform, subsea infrastructure, pipeline, etc.).

SBL measurements should therefore be made at several hundred meters at least
from these amenities where these interference fields should absolutely be taken into
account in filtering and correcting devices of measuring systems or data interpre-
tation (cf. Chap. 6, Sect. 5.2).

“OCampaign led by the LETI (Commissariat for Atomic Energy) in the Mediterranean in
July 1991.

! Additional measurements simultaneously realized on land.

“>The means of propulsion of the ship, the shaft and propeller especially, produce (by their more or
less regular rotation in sea water) alternating currents that are variable on the fundamental
frequencies and their harmonics (hash of the lines of force static — modulation of the
currents — BF variable fields).

43 After determining the characteristic frequencies (captures and measures), electromagnetic sig-
natures are obtained by modeling (solving Maxwell’s equations).
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Fig. 3.48 Identification device (algorithm) of the characteristic frequencies of the propulsion
engines processed by FFT ( fast Fourier transform: numerical variation of the classical Fourier
transform, and today the most widely used mean to quickly process the signals See, for example,
the book by J. March et al.: Signal Processing for Geologists and Geophysicists (2004). According
to Schermber 2006)

6.9.5 Need to Correct the “Coastal Effect”

The coastal effect was discovered in the nineteenth century.** It is the result of,
among other things, the increase in the electrical conductivity of the grounds
located along the coasts, now focusing the flow of telluric currents around the
continents, and thus changing the spatial distribution of electric and magnetic fields
in these special places (see Chap. 4, Fig. 3.15).

6.9.6 Need to Establish a Developed Transfer Function

From what has just been said, we easily understand that for a correct interpretation
of telluric measurements, it is then necessary to use a transfer function much more
complex than that recommended in mCSEM. It must take into account more
precisely and in real time:

— The local effects such as electrical conductivity and the movement of the
seawater

— The effects of the bathymetry (water depth) and the nature of the subsoil
(resistivity)

— The regional effects such as the coastal effect

To establish these essential corrections, it is therefore necessary to have addi-
tional devices to evaluate these parameters (resistivity and current meters, a depth

“*Effect demonstrated for the first time in 1879 by British scientists of the Post Office Telegraph
Services (Mathias et al. 1924) and seriously studied from the late 1950s (Parkinson 1959, 1962;
Coquelle and Mosnier 1969; Filloux 1967; Cox and Filloux 1974; Larsen 1975; Le Mouel and
Menvielle 1976; Mosnier 1977).
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sounder, etc.), to systematically perform reductions of marine data (as terrestrial
variometers) and to own the associated interpretation software taking into account
all these parameters.

6.10 Sequence of an Operation of EM Seabed Logging

To obtain good results (with respect to quality assurance), an SBL. operation must
absolutely follow a certain number of time steps. We briefly review some of them.

6.10.1 Preliminary Studies

The operation must be imperatively defined at the beginning with the client
(preliminary studies), who sets objectives and delivers all necessary documentation
regarding the prospect to establish the NAR. This information is also essential to
prepare the mission and subsequently establish the process of inversion of the
electromagnetic data that will be used for geological interpretation. In the case of
an exploration of a new maritime area (block), additional operations (including
seismics) are programmed. From the available elements, operators analyze the
different possible geological scenarios (Fig. 3.49).

6.10.2 Survey Preparation

Except in special cases, the preparation of the SBL operation is the unique respon-
sibility of the service provider who performs the survey. He is technically and
legally responsible. He must implement all necessary means for the proper perfor-
mance of the acquisition operations (logistics, mapping, positioning, security, etc.).
This preparation must be all the more careful when the means are important (high
tonnage ship, specialized teams, etc.) and beforehand requires all necessary per-
missions to cross territorial areas.

6.10.3 Data Acquisition

Aside from the techniques, the data acquisition must fulfill a certain number of
requirements and meet certain criteria.
We can mention:

— Quality control, which relies on a quality approach to measuring instruments and
the ethics of the personnel; as stated by some authors, “no bias should be
introduced either by the data acquisition companies, or by oil companies ...~
(Theys 2006)
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Fig. 3.49 Summary of the different phases of an SBL operation and of the preliminary studies to
the final geological interpretation

— Standards, such as HSE standards (health, safety and environment) and good
practice guides that are built over the operations and experience

— Certification, which involves notions such as standards, expertise, and indepen-
dent external audit offices

6.10.4 Processing

Processing is a technical step that allows us to condition and process data to prepare
modeling and inversion. The processing is done on the data analysis and formatting
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to make them homogeneous, coherent, and assimilable to mathematical models and
to form 2D and 3D simulations in particular.

6.10.5 Simulation: Modeling and Inversion

Simulation, the phase that includes modeling (forward problem) and inversion
made from the collected data, is an essential step in the interpretation of the data.
This step requires extremely important calculation means (supercomputer, parallel
computation, etc.) and highly qualified personnel (geophysicists). The quality and
quantity of the external information are practically the guarantee of the quality of
inversion® and of the success of the geological interpretation operation that
follows.

6.10.6 Geological Interpretation

Geological interpretation is the final phase of the exploration process. Its results and
conclusions correspond to the final document requested by the client. It should
conclude with a strategic decision: to abandon, continue the geophysical investiga-
tions, or finally drill. This decision is generally that of the orders’ providers, i.e., the
geologist and the future (oil) producer under the guidance of the service company
that has operated.

7 Conclusion

Metrology has set, according to the local geoelectric environment and the objec-
tives to be achieved (geological target), the system performances to develop and the
adjustments to be made. Furthermore, it states the means to implement to avoid
unwanted signals. Theoretical calculations also show that the expected fields are
very small (a billion times smaller than a small watch battery) but also—which is a
nice surprise—that the seabed electromagnetic noise is also very weak, leading
therefore to a signal-to-noise ratio that is very favorable for good detection. It now
remains to develop low noise electronics (below the ambient noise) ensuring the
entire measuring device sufficient resolution to address the interpretation phase
with maximum precision and chance of success (Figs. 3.50 and 3.51).

4EM seabed logging has not been considered practically in its principle without the help of
sophisticated methods of interpretation, particularly those involving data inversion methods that
have emerged in practice in the last decade. Without the latter, which require the provision of
additional external information (including seismic data), the measures could not take all their
senses.
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Fig. 3.51 Interpretation by inversion of electromagnetic data (SBL) on a set of profiles (horizontal
plane). The crosses indicate the location of the measurements (According to Ellingsrud et al. 2004)
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Chapter 4
Instrumentation and Equipment

The difference between theory and practice is that in theory
there is no difference between theory and practice, but in
practice, there is one.

(Jan Van de Snepscheut)

Abstract This chapter describes in detail (electrical, electronic, mechanical and
signal processing characteristics) the various measuring instruments used in
prospecting, i.e., the electrical current sources and field receivers. The transmitters
are mobile dipoles of very low frequency able to deliver currents of several hundred
amperes under the water, or even telluric sources caused by magnetic storms (solar
wind) or atmospheric storms (Schumann resonance). Seabed fixed receivers are
vector electrometers and magnetometers able to record the horizontal components
of electric and magnetic fields in a bandwidth covering the frequencies of 0.01 to
10 Hz. The accuracies of these low noise instruments (several nV/ VHz) are
respectively about one pV/+/Hz/m and one nT. Generally the signal-to-background
noise ratio is very favorable to the detection and can reach a factor of 1000. Finally,
we briefly mention the operational means and procedures with the different equip-
ment and a few elements of signal processing used during the seabed logging
survey.

Keywords Electrometer « Magnetometer ¢ Extremely low frequencies

Preamble

Please note that the descriptions and technical developments that follow only
apply to fields measuring instruments, whether artificial (controlled source) or
natural (telluric source). The equipment used for DC investigations is the same
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except for a few details such as onshore materials and therefore are not described
here.'

1 Introduction

The instrumentation physically corresponds to the practical implementation of the
metrology developed in the previous chapter. It describes the equipment and
acquisition materials (hardware) including power sources (transmitters), the mea-
suring instruments themselves (receivers) and operational resources currently used
in the offshore industry or in the phase of being so in the near future (vessels).

2 Measurement Requirements: Quality Criteria
for the Instruments

Electrometric and magnetometric investigation, on one hand, requires us to mea-
sure electrical and magnetic fields of very low amplitude and, on the other hand, to
assess the background noise, which should not exceed the EM field in absolute
values. In these very unfavorable conditions for acquisition, the meter must meet
extremely strict instrumental imperatives, which will directly influence its design,
performance and in situ conditions of use. These will finally give it an acceptable
(or not) quality criterion.

2.1 First Imperative: Power Consumption
and Electromagnetic Discretion

Like all measuring precision devices, the field sensor must not interfere with the
magnitudes that must be considered. In the specific case of the electrometric
measures, this overriding criterion is even more true when the device is itself
immersed in the measuring medium.

This requirement will then require that:

— Internally to the instrument, the amount of energy required for its operation is
negligible compared to that which may be taken, i.e., the one indirectly coming
from the information source (subsoils)

"These instruments, such as SYSCAL pro Deep Marine, are generally marine versions of onshore
resistivity meters (waterproof and treated against marine corrosion according to international
standards). The reader may refer to conventional prospecting works (Koefoed 1979 and more
recent works) and to the instructions of the manufacturers (Iris instruments, Scintrex, etc.) for more
information on these materials.
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— Externally, the surrounding environment is not disturbed by the forms of the
instrument and its electromagnetic properties, or at least the electromagnetic
disturbance resulting from its presence is offset by adapted means

In general, we do not control the energy source, whether artificial (displacement,
power, variable amount due to remoteness, etc.) or natural (random telluric cur-
rents). The measuring instrument must therefore be characterized by a near-zero
energy levy—in other words, its intrinsic consumption should be as low as possible
or even negligible in relation to the quantities to be measured.

In addition, the system must be designed so that its presence is, from the
electromagnetic point of view, as “transparent” as possible with respect to the
local environment (seawater), both on the static and dynamic plan, adopting for
that a strategy either a priori of electromagnetic discretion or a posteriori of
correction of the faults. In most cases, to enhance the efficiency of the system,
these two complementary techniques are allowed and practiced, the second one also
being involved in the measurement process itself.

2.2 Second Imperative: Correctness

The second imperative, no less important, concerns the output indication of the
measuring instrument, which must only depend on the input variable. This means
that the instrument should neither add nor subtract parasitic quantities of the same
species but of different origin (usually at random). This is the case, for example, of
the amplification of the signals, which generates noise and drift, for example when
the latter are relatively slow. It is then imperative to control these phenomena by
adapted signal processing and if necessary by means of specific compensation. This
correctness> requirement is common to all precision measuring devices but is
especially important for those performing measurements (voltage or amperage) of
very low amplitudes in disturbed environments (in the presence of ambient noise).

2.3 Third Imperative: Fidelity

The instrument shall be true, i.e., it must not distort or alter the applied input
signals. Otherwise, the distortions must be detected, quantified and corrected by
suitable passive or active processes.

“That is the tendency of the device to be closer to the actual value of the measured events. Errors
affecting the correctness come from stable defects of the tool, poor or inadequate calibrations, a
bad choice of scales of corrections, etc.
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2.4 Additional Qualities

To these three major requirements, you can add the qualities of:

— Linearity, which represents the constant of the ratio of the output signal to the
input signal, depending on the characteristics of the input signal (in particular the
amplitude, frequency, and phase)

— Sensitivity,> which describes the ability of the instrument to measure small
signals or highlight low variations more or less significant on average (resolving
power)

— Accuracy, which represents the evaluation of the absence of errors from the
sensor (cf. Chap. 3, Sect. 6.6)

which are, after all, requirements common to all quality measuring precision
4
devices.

2.5 Signal-to-Noise Ratio

In the measurement and recording of small amounts of energy (electric fields), the
noise (N) is a determining factor in the validity of the measure (S). It can be of
different origin, natural or artificial, internal or external to the evaluation apparatus.
In all cases it is essential to identify and to minimize it to the maximum extent in
order to obtain the highest possible signal-to-noise ratio (S/N) (Fig. 4.1).

This aim is achieved on one hand by taking measurements in an environment as
quiet as possible (the bottom of the sea, away from sources of anthropogenic noise)
and on the other hand by processing the signals with suitable means (low noise
electronic and homodyne detection for example) (Table 4.1).

3The sensitivity is the ratio of the variations INPUT/OUTPUT.

“The metrological quality, which can be considered as the ability of the instrument to give
consistent results for the requested requirements, also depends on many factors such as:

— The uncertainty, which represents the amplitude of the field of measurements in which the true
value is located with a given probability (degree of dispersion)

— The repeatability, which is an in situ estimation of the accuracy. It is the difference between
two distinct measurements of the same event, made under the same conditions and with the
same sensor

— The stability, which is the ability of the meter to give the same results in the same conditions

— The reproducibility, which is the ability to differentiate two measures with the same method
under the same conditions with different equipment and possibly different personnel, etc.

These intrinsic qualities can be evaluated theoretically for some of them and practically for
others (calibration, control section, etc.). They can be related to reliability studies (fault tree or FT,
mean time between failure or MTBEF, etc.).
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Fig. 4.1 Nature of the different noises that can damage measures with significant errors. More-
over, these noises can be consistent or not, and therefore should be treated in a differentiated
manner (According to Khesin et al. 1996)

Table 4.1 Summary of metrological data (magnitude of electric field values) that define the
sensitivity of measuring equipment

Electrical field at 10 km mCSEM (injection 1500 A, antenna 200 m length)

EM noise (telluric field) Seabed (direct field) Geological formations (refracted field)
~ several pV/m ~15nV/m ~ several nV/m

See Chap. 3

3 History of Measuring Equipment

Measuring equipment has been developed for different frequency bands
corresponding to various applications ranging from telecommunications to detec-
tion and underwater surveillance (Bruxelle 1995), via, of course, earth physics and
applied geophysics.

One can roughly define three LF (low frequency) bands, the first of which,
corresponding to the lowest frequencies, can be used in the context of SBL
(Fig. 4.2).

The first submersible equipment® measuring electromagnetic fields more spe-
cifically allocated to electric fields” was constructed in the 1960s. The aim was to

SLonger times correspond to magnetic surveys used in global geodynamics (very deep layers).
SProfiling in a continuous regime used, from the 1930s onward, wireline equipment (electrical
coring), slightly modified, whose characteristic cables (named flute) was their tightness. The
measuring equipment consisted of a potentiometer located on land or in a boat (see Introduction,
photographs, Figs. 1.7, 1.8 and 1.9).

7At the same time, magnetic variometers of more or less long periods were built and tested (see
Sect. 5.7).
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ultra low frequency — extremely low frequency  very low frequency

ULF ELF VLF
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Variometer — Electrometer / magnetometer Antenna
Global Physics Exploration Communication / detection

Fig. 4.2 Names of the frequency bands and associated spectra. Only the ULF bands (mMT) and
ELF bands (mCSEM) are used in marine geophysical investigations. The VLF band, also reserved
for subsurface underwater communications, is however used in onshore prospecting surveying
(mining geophysics)

highlight the Schumann resonances (see Sect. 4.5.1) in the ELF band and more
confidentially in the VLF band (background noise measurement) for underwater
detection (Bleil 1964), for marine alert or signaling systems, for submarine com-
mand and control communication with the study of the seafloor effect on signal
propagation (Wait 1972; Burrows 1978; Aldridge 2001; Merill 2002; Lanzogarta
2012) included in US Navy programs (Advanced Research Projects Agency and
Office of Naval Research): Sanguine (1958-1967), Seafarer (Surface ELF Antenna
for Addressing Remotely Employed Receivers) in 1975, Shelf (Super Hard ELF),
Pisces (Pacific Intertie Strategic Communications ELF System) and finally the ELF
project (1981-1989).

In the 1970s other devices appeared, this time in the ULF (ultralow frequency)
band in the context of basic research on the study of the terrestrial globe and,
more specifically, physical oceanography (Filloux 1973a, 1977, 1978a, b, 1985;
Cox et al. 1978; Young and Cox 1981; Webb et al. 1985; Hekinian 2014).

These voltage measurement materials were designed for evaluation of natural
EM fields induced by large oceanic phenomena (ocean currents, tides, movements
of seawater, etc.), determination of the influence of the bottom or the seaside
(seaside effect) or even structural study of the midocean ridge, island arcs, etc.—
basic geological objects in understanding the theory of plate tectonics (Hallan 1976;
Cox et al. 1973).

At this time, the following were developed:

— Long base horizontal devices (Filloux 1967; 1973a, b; Cox et al. 1971) or
vertical devices (Harvey 1974) designed around potential difference measures
between two sampling points, sometimes distant by several kilometers (sensi-
tivity of about 0.1 mV/m)

— Short base devices (Mangelsdorf 1968; Filloux 1974), more compact (from
100 to a few meters) designed around electromechanical elements (sensitivity
of about 10 nV/m)
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L>]

(b)

Fig. 4.3 The two principles adopted for electric field measurement at sea: (a) a long base device
composed of electrodes spaced by several kilometers (L) connected by isolated and tight electrical
cables to a microvoltmeter (pV) with high input impedance; (b) a short base device composed of
pipes of a few meters (/), made of insulating material (glass or PVC), each open at one end and
channeling seawater up to measuring points, weakening the effects of the movements of the latter

These were designed to compensate for the drift caused by polarization changes
induced by phenomena other than telluric ones (induction), and were based on
measurements of potentials or rather of potential differences between two distant
points (Fig. 4.3).

To remove the instrument drifts and the electrode and electronic noise limiting
the sensitivity of the devices, electromechanical devices were early conceived,
developed and used early on (Mangelsdorf 1968).

For example, the rotary valve system electrically and alternately connects both
electrodes to the microvoltmeter, then doubling the useful signal (voltage) by
modulating it to the beat frequency (opening/closing valve or intake valve cycle).

Under these conditions, we obtain for two values of the potential V; and V,
corresponding to two opposite positions 1 and 2 of the electromechanical valve
(cf. Figs. 4.4, 4.5 and 4.6):

— A value of the amplitude of the electric field (potential reported to the distance /)
equal to:

E| :%(Vl - V) (4.1)

— A noise level independent of /, with an amplitude equal to:

1

VNoise - 5 (Vl + VZ) (42)
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VLZ

Fig. 4.4 Schematic diagram of an electromechanical device or salt bridge chopper (cf. Plate 4.1a).
This apparatus eliminates, among other things, the noise of the electrode by mechanical modula-
tion (alternating closures/openings 1, 2 due to an obturation mechanical valve acting as an
electrical switch with two positions, 1 and 2) at a rate of a few inversions per minute, thereby
limiting instrumental drifts over long periods. The field thereby cut out (modulated) is then rebuilt
(remodulated) electronically. The sensitivity of such an instrument is 10 nV/m for a measuring line
6 m in length (According to Filloux 1974)

Fig. 4.5 Two-way seabed
electrometer of the salt
bridge type with tubes and
Ag-AgCl electrodes (not
shown) mounted on a
tripod, developed in the
1970s (According to Filloux
1985 and Chave et al. 1991)

(o0 F—=—H

- T ¥
Fig. 4.6 Seabed electrometer, a device for measuring potential difference, made from

unpolarizable electrodes (cf. Fig. 4.23b) separated by 9 m and with low noise amplification
(According to Cox et al. 1981)
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It was then in the 1980s, to deal with the important advances in underwater
acoustic discretion (military atomic submarines) and with the magnetic detection
limits in force at that time (Mosnier 1986; Latour and Toniazzi 1990) that inves-
tigations into electromagnetic noise measurements were conducted and equipment
was built (Constable and Snrka 2007).

More specifically, in the field of applied geophysics, previous experimental and
theoretical studies had proved the effectiveness of transverse electric field measures
for the controlled source systems in the remote detection and localization of low
dimension resistivity anomalies (Sainson 1982).

The same research led, sometime later, to the development of a new type of
material (a current density electrometer), compact and more sensitive than the
potential difference electrometer, thus allowing its use, among other things, in
mining, underground storage, geothermal applications, and oil wells on small
diameter logging tools (wire line), and related devices for underwater exploration
(mMT) and submarine detection (Sainson 1984; Mosnier 1984; Rakotosoa 1989;
Bruxelle 1995, 1997).

It was in the 1990s that the first electrometers (for mMT) appeared in their current
configurations (Constable et al. 1998a, b), built in series by Statoil and then by EMGS
(for mCSEM). It must be remembered that at that time several university teams were
offering similar prototypes were not necessarily patented or brought to public attention.

The 2000s, which saw the rapid business development of SBL techniques and
more particularly mCSEM, allowed the realization of relatively compact equip-
ment, thereby fixing the data acquisition technology.

The generic system generally includes:

— A mobile transmitter (submersible fish) composed of a horizontal emission
dipole (collinear with the surface of the sea floor) of a length of about 200 m
towed by a boat at a speed of 1 to 2 knots (1 m/s) and moving about 100 m at
most above the seafloor

— Tuned field receptors (a few tens), laid on the seabed and equidistant one from
each other, which, at the passage of the transmitter, measure the variations in the
depth of the EM induced field

all forming, with the processing and data interpretation techniques, an original
concept of geophysical exploration.

4 The Transmitter

Historically, the first transmitters delivering EM energy (considered as a dipole
source) were proposed in the late 1970s (Cox 1981). Presently, transmitters in their
principle appear only in the form of a horizontal electric dipole (HED). This
configuration is the only way of offering excitation in the TE and TM modes (see
Chap. 2, Sect. 2.7.4.3). Specifically, it corresponds to a linear antenna placed in a
horizontal plan (see Chap. 2, Sect. 2.5.4). Tests of a vertical magnetic dipole (aloop
or horizontal coil where the moment is given by the number of turns) are being
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studied but are not yet offered to the service.® However, this type of dipole (VMD)
can only provide excitations in the TM mode.

The emitting source is immersible and is towed by the surface vessel (at a
speed of =~ 1.5 knots) through a watertight electrohauling cable, which also
provides the electrical power needed to operate (power and control). It consists
briefly of:

A controllable power transmitter

— A wire antenna

Carrier wave telemetry

— A device for navigation and positioning the current injection means

The power transmitter and related equipment are embedded in a cradle fitted
with gripping and pulling elements of a tow-fish type.” The equipment must have
slightly negative buoyancy, which allows the whole vehicle to immerse itself easily
and remain at a constant depth during the traction at speeds of a few knots on
average.

Moreover, the linear antenna must have almost neutral buoyancy to move as
horizontally as possible behind the fish.

Some systems are equipped, on the antenna end, either with an automatic
dynamic balancer device (active control), enabling the entire line to maintain a
straight path and a flat attitude, or simply with a floating anchor (passive control).'’

The elevation of the fish and antenna as the bathymetry are continuously
recorded using echo sounders placed at the head of the fish and the end of the
antenna. The position of the fish can also be controlled by means of a surface buoy
equipped with a GPS (global positioning system) receiver (Fig. 4.7).

4.1 Power Source

A major challenge is to bring the power in the fish which cannot actually store it. The
transmitter power is then supplied directly by the connecting cable (250 kW eligible),
which also allows the fish to be pulled. The cable brings to it a low amperage current
under a high voltage delivered by an atmospheric generator group or by the ship’s
own resources (onboard alternator). At this level (the fish), a electrical converter then
allows the current intensity to be raised by lowering the voltage to a value of several
hundred amperes at working frequencies between 0.05 and 5 Hz."'

8Similar methods have been proposed in the past (see Chap. 1, Sect. 6.5).

°In the future, the source may be contained in an AUV, which would have the advantage of
removing the source from the surface means and could operate under any weather or bad oceanic
conditions, or even under the ice.

'A parachute shaped and centrally holed flexible piece.

"'"The emission is on a spectrum that lies below the band ELF (extremely low frequency) reserved
for underwater communications (military submarines), which extend to the ranges VLF (very low
frequency) and LF (low frequency).
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Fig. 4.7 3D view of an underwater electromagnetic source of the HED type composed of a power
transmitter housed in a streamlined fish and its wire antenna equipped at both ends with current
emission electrodes (cf. Plate 4.2c). The entire transmission device is equipped with acoustic
transponders on the antenna and with an echo sounder (3.5 kHz) on the fish, for its location in
space and in relation to the background. The immersed transmitter can be completed by a relay
transponder, an acoustic altimeter, an inertial navigation system, a sound velocity device, which
increases the accuracy of the acoustic travel time to range conversion, and a bathy-thermograph to
correct the local acoustic measurements. Some of these instruments can be installed behind the
source (cf. Plate 4.3d)

The power emitted by the presently most efficient sources is about 50 kW, which
gives, for example 10 km away, in seawater, some values of electric and magnetic
fields respectively equal to about 1 nV/m and 0.001 nT. Information about the
quality control of the emission (waveform) and its steering are sent to the boat via
the electromechanical cable by high—transfer speed telemetry.

Recollection about the notion of power: during a very short time interval dt,
energy is equivalent to the product Uldt where U and I are the voltage and the
current intensity at that moment. The energy involved for a longer period T (power)
corresponds simply to the integral of this product, such as:

T
W= / Uldr (4.3)
0
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Considering the alternative type, or more precisely in a sinusoidal regime, the
effective power is then given according to the effective values (rms)'? of U and I
and their phase difference ¢ such as:

Umax Imax
Wesr = . .COS 4.4
ff \/§ \/E P (4.4)

where cos @ corresponds to the power factor.

4.2 Power Electronics

The conditioned signal at the surface (on the boat) is sent to limit power losses at a
frequency of 60 Hz under high voltage (1800-3000 V)'? and low amperage (5 A) in
the traction electric cable (several hundred meters’ length depending of the survey’s
depth).

In the fish, the voltage is then lowered and the amperage raised using a electrical
transformer, which also acts to match the impedance with the seawater (cf. Fig. 4.8).
The injection frequency (electrode output) is operated by a bridge power diode
frequency divider or by power thyristors or power transistors (insulated gate bipolar
transistor: IGBT), thus lowering the frequency of 60 Hz to a few hertz (1 Hz on
average) or below.

Elevation of the voltage Lowering the voltage

. 1800 V SA 60Hz | T ) Bottom
440 v — Ik% 4)1
60Hz ! = =
20 Kz "»
Control
y
Surface B i% 20kHz | Control

Electro-tracting cable 8| Synchro Phase

Setpoint Injection electrodes

Fig. 4.8 Schematic diagram of the power electronics (surface and bottom) of the current emission
device. The power is conveyed by an electrohauling cable of about 100 m (According to Chave
et al. 1991)

2Root mean square, or RMS, i.e., literally the square root of the mean square.
1t is a fundamental principle of the transmission of electrical energy (e.g., high power line).
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The steering of the whole system (waveform, quality control, frequency, power,
regulator, etc.) is supplied from the surface via an adapted control system
(CS) whose instructions are sent at a frequency of 20 kHz on the carrier low
frequency wave delivering the power (60 Hz). The CS is synchronized to GPS
time using IEEE 1588 (Precision Time Protocol).

For more details on the embedded systems, especially for those who use more
complex devices (signal elaboration), the reader may also refer to the technical
literature (see the bibliography at the end of the volume) and to various patents on
the subject (Sinha et al. 1990; Constable 2013; EMGS 2015).

4.3 Type of Generated Wave

Generally the transmitted wave is of a sinusoidal or squared shape and continuous
during time, but may be of a more complex shape for more sophisticated processing
in reception (increase of the signal-to-noise ratio, harmonic elimination, etc.). In
this case, it is no more possible to directly use the transformer (cf. Fig. 4.8).

The company WesternGeco (Leedert et al. 2009), for example, has adopted
wave types of a sweep shape or made of a superposition of several frequencies,
and uses analog generators (BF oscillator with power amplifier).

In terms of energy, it is known that it is preferable to use square-shaped waves
(cf. Fig. 4.9), due to their high dynamics caused by a sudden rise (vertical slope of
the curve). The average power of this type of wave is about two times greater than
that delivered by a sinusoidal wave (see Chap. 2, A2.1).

Mathematically, it has been shown that a square wave is the sum of a sine
waveform, composed of a wave of the same frequency (®) supplemented by a series
of odd harmonics with n terms of decreasing amplitude such that the expression of
the latter is equivalent to:

% {sin (or) + sin (330)t) 4 sin (55<ot) L 5in (770)t) 4 5in (99<ot) - n] (5)
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Fig. 4.9 Form of a transmission signal (modulated square wave) of 600 A peak to peak over a
period of 4 s (x2)
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Fig. 4.10 Construction of a square wave from a rectangular function made of the sum of
sinusoidal functions at 1, 2, 4, 10 and 40 terms

Conversely, the square signal can be decomposed into sine waves by Fourier
transforms (cf. Fig. 4.10).

Practically, a square wave may be obtained electronically either by the clipping
of a sinusoidal signal, or by a plurality of frequency dividers and a summator
(analog methods), or even numerically using, for example, a programmed sequence
of n sinusoidal functions (microprocessor). 14

Furthermore, given that the current amplitude is changing inversely proportion-
ally to the frequency, and that the attenuation increases with the latter, some authors
have proposed to sequence the signal (switching) every 100 ms, for example
(cf. Fig. 4.9). According to operational data, the signal power can then be optimized
by a more sophisticated device obtained by the Monte Carlo method (Mittet and
Shaug-Pettersen 2007).

"“With this arrangement, it is more difficult to obtain high powers.
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4.4 Transmitting Antenna

The transmitting antenna is composed of two strands of composite, insulating
materials, each fitted at its end with an electrically conductive massive metallic
electrode, thereby forming an electric dipole. These are generally spaced at several
hundred meters (200-300 m in average).

The purpose of the transmitting antenna is to transfer the maximum energy to the
medium in which it is located. For this, its characteristics must meet a number of
electrical criteria that must be in close relationship with the concerned environment,
i.e., the seawater. The energy is mainly transmitted to the water by conduction, at
the injection electrodes,'” which assumes perfect insulation of the connecting
cables.

However, some of this energy could be dissipated by the Joule effect (cE>) as
heat if precautions (including thermal insulation) are not taken. Moreover, the
immersion of the antenna in water, a very good conductor of heat, and moreover
at a few degrees Celsius, allows the latter, proportionately, to quickly evacuate all
its calories and therefore cool quasi-instantaneously.

4.4.1 Electrode Contact Resistance

At the considered frequencies (LF), the electrical characteristics of the antenna,
resistance, inductance and impedance can be regarded with good approximation as
independent of the frequency (see Appendix A4).

The sea contact resistance R, is an ohmic resistance that is by far the most
important compared to the radiation resistance R,=2nl.*/3ecA’ (Fleury and
Mathieu 1958). For a conductive electrode (electronic conductivity), the contact
resistance is calculated as in DC,'¢ i.e., essentially depending on the geometric
characteristics of the electrode and on the resistivity of the seawater surrounding py,.
For a cylindrical electrode, such as those currently used (whose axis is coincident
with that of the strands of the wire antenna), it is given in ohms by the following
equation (Sunde 1949):

Pw 21,
le >> de — RC[Q] = H |:1nde — 1:| (46)

where [, and d, are respectively the length and the diameter of the current emission
electrode.

From Eq. (4.6), the length of the emitting part therefore has more influence on
the resistance than its diameter. In practice, it is essential that the current injection

>We have seen (Appendix A3.2) that most of the energy is transmitted through this way.

1At the considered frequencies (LF), the resistance in the marine environment cannot be consid-
ered as an impedance. The capacity aspect is negligible in this case (see Appendix).
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electrodes have contact resistances as low as possible, to dissipate in consequence
the minimum energy at their level (reduction of heating due to the Joule effect and
electrochemical effect) and so that maximum electrical power can be then quickly
transferred in the medium (water). In the best case, they can reach 0.01 Q.

In total, the contact resistance of the antenna, all electrodes together (x2), varies
between 0.10 Q and 1 Q, values under which it is physically difficult to go.

4.4.2 Inductance of the Antenna

The inductance of the antenna L,, expressed in micro-henrys, is the translation of
the inductive effect of the electrical cable between the two electrodes, caused by the
movement of the variable electrical current along it.!” This electrical characteristic
here corresponds to a magnetic field created across a surface (flux). Its expression
(Rosa 1908), depending on the length L of the antenna and the area a of its section,
is given by the following formula:

4L 3
La[pH] = 0, 2L |:11'17 — Z:| (47)

A typical linear antenna of several hundred meters in length therefore has an
average inductance of approximately 500 pH, which is balanced by a capacitance
of about 800 pF across the transmitter output.

4.4.3 Impedance of the Antenna

The impedance Z, of the antenna is defined as the ratio of the voltage U, on the
current I, circulating therein and is expressed in ohms, as is the contact resistance. It
somehow determines the energy transfer that occurs between itself and the elements
constituting the input of power W (driving force of the generator). It must adapt to
them and be as low as possible so that the maximum energy can be transmitted to
the transmitting electrodes and then to the marine environment.'® It is equal to:

Uayy _ W
Ly I3

Zyo) = (4.8)

"It may be recalled here that the alternating current tends to flow in the periphery of the cable
(skin) and all the more easily when the frequency is high.

"®Ideally it is desirable to have perfect impedance matching between the different elements and
emission bodies. The transformer can then automatically play that role especially when the
electrical characteristics vary over time.
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Fig. 4.11 Electrical U, I,
schema equivalent to the
transmitting antenna, and
shape of the evolution of the
voltage and the current

(top), which decreases with Antenna ‘%
Za

distance from the generator

For example, for a power W of 100 kVA (1000 A, 100 V rms), the impedance of the
antenna is approximately (100 < 1000), i.e., 0.1 Q (Fig. 4.11).

4.4.4 Dipole Moment of the Antenna

The dipole moment P of the antenna represents convenient data. It is determined as
the product of the current intensity I, by the length L of the antenna (I, x L) and is
given in A.m. The dipole moment corresponds to a compromise between the length
of the antenna and the intensity emitted. A too-long antenna is difficult to imple-
ment under the seabed. On the other hand, the dipole approximation cannot be used
and there is a loss of resolution. In another way, increasing the intensity also has
drawbacks; doubling of the intensity amplitude requires four times the transmitted
power. In all cases, because of various losses in the cable and the different
components, the transmitted power is twice the dissipated power in the seawater.
The dipole moment is, depending on the available power W (either according to the
formula 4.8: W = IgZa), equal to:

M.
pede

Piam =LL=|W (4.9)

where M, is the total mass of the electrode, and p. and d. are respectively the
electrical resistivity and the density of the metal forming the electrode.

In this way, instrumentally, the expression (4.9) on one hand allows us to
somehow standardize the emission characteristics of any filamentary antenna of
any amperage and any length, and on the other hand to be able to perform within a
certain limit objective comparisons between different devices with different com-
ponents and qualities. The dipole moment of a conventional antenna is approxi-
mately 10° A.m. Currently some proposed devices can be 20 times more powerful,
now using a 7 kA source (Roth et al. 2013; EMGS 2015).
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4.4.5 Initial Conditions of the Antenna

The antenna, measuring several hundred meters long, is not rigid.'® It will therefore
deform during the survey operation itself. In DC investigation, if the cable is well
insulated, the current will flow between the two electrodes and the field distribution
will only depend on their arrangement and spacing. In contrast, in a harmonic
regime, the insulated cable will participate along its entire length in the propaga-
tion, then behaving like an infinite number of magnetic dipoles whose directions
will be confused with those of the small deformations caused by different move-
ments of the line during the run.

This phenomenon, particularly noticeable at high frequency, disappears as we
use wavelengths A sufficiently large compared to the length L of the transmitting
antenna. At the frequencies ordinary used (<1 Hz), for a propagation speed of the
electromagnetic waves of 1600 m/s in seawater (see Chap. 3, Sect. 4.1), this
corresponds to an antenna length of about (1600 =+ 8), i.e., 200 m.

L<<A — L<<1600m (4.10)

These lengths are also compatible with the objectives of detection, resolution,
definition, etc. (cf. Chap. 3) (Table 3.2).

4.4.6 Radiation Pattern of the Transmitting Antenna (Wire)

We consider (Loseth 2007; Loseth et al. 2006) a horizontal wire antenna whose
length L is small compared to the wavelength (far field criterion), in which
circulates a harmonic current I, (w), of density:

Jo=LL8(r)z (4.11)

where 9 is the Dirac function (cf. Eq. 2.8, Chap. 2).

Table 4.2 fummary table of ~ Characteristics® Values (mksA)

emission antenna

characteristics (According to Length 200-300 m

EMGS) Diameter 0.02-0.04 m
Contact resistance 0.1-1 Q
Impedance 0.1Q
Inductance 300-500 pH
Dipolar moment 105 A.m
Frequency 0.5-5 Hz
Power 50-100 kVA

“These characteristics may vary from one material to another and
are given here only as an indication (see, for example, EMGS
source specifications 2015)

YA feature difficult to obtain for such length.


http://dx.doi.org/10.1007/978-3-319-45355-2_3
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http://dx.doi.org/10.1007/978-3-319-45355-2_3
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Fig. 4.12 Radiation pattern
in the far field (e.g., in open
water) of the electric field
for an antenna (electric
dipole) placed on the axis
Ox. The lobes are
symmetrical with regard to
the axis of the antenna and
to its normal. The angles 6
and @ respectively fit into
the planes x, z and x, y

The distributions of the electric and magnetic lines of the EM field in the
frequency domain, at a distance r from the source (where r > > L) in relation to
the direction Z, in spherical coordinates (dependence only in r and 6) according to
Fig. 4.12, then respectively follow the forms:

Lo KCLL 1 1\ - 1 1\,
E(fo) = e¥ |- (1 - —+—— | 0sin0+ [~ ——— |2 cos®
(f,0) el [( ikr+(ikr)2> sin O + (ikr (ikr)2> f cos ]

, KLL 1 .
H(7,0) = ‘41; e <1 —%> (—® sin®)

(4.12)

with & being the number of waves equal to:
k =/ 0?pye — iop,o

and E representing the complex impedance®” and defined as follows:

g:\/%: \/(EPTT;) (4.13)

where o and ¢ are respectively the magnetic permeability and the electrical
conductivity of the medium, o the angular frequency (2nf), and € is the complex
permittivity.

?The impedance is defined here as a function of angular frequency ().
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Fig. 4.13 Topology of the
electric E and magnetic H
fields in the in-line
configuration (along x) and
broadside (along y) for a
transmitter (Tx antenna
disposed in the direction
Ox) placed above the
bottom of the sea

For the considered frequencies (=1 Hz), as the wavelength in seawater is very
much greater than the length of the antenna (1600 m > >200 m at 1 Hz), the
emissive source is assimilated into an EM dipole whose radiation pattern is shown
in Fig. 4.12.

In such conditions of electromagnetic radiation, assuming a spherical distribu-

tion around a point electrode (see Chap. 3, A.3.2), the distributions of electric Eand
magnetic H fields follow the laws of Maxwell (cf. Fig. 4.13).

4.4.7 Characteristics of Circular Antennas

Circular antennas, composed of a single coil or a winding, are not being used at the
moment. We therefore give here as a guide their electrical characteristics (Wait
1957; Kraichman 1962; Galejs 1965).

When they radiate in a medium conductor of electricity, the external resistance
R, and reactance X, which define these arrangements, are given by the following
expressions:

o) s
and:
x:xo—%(g)s (4.15)


http://dx.doi.org/10.1007/978-3-319-45355-2_3
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where o, a and d respectively are the conductivity of the seawater, the radius of the
coil and the skin depth, and X, is the reactance in an empty space.

For the antenna consisting of N contiguous turns (coil), the terms R, and X are
then multiplied by N 2.

We would like to remark that today, to reach increasingly important depths of
investigation, and given the more and more severe operational constraints (the noise
level of the receptors), it is necessary in these circumstances to increase the power
of the source. It goes without saying that the latter cannot be increased to infinity. In
this spirit, it is necessary to optimize the efficiency of the antenna in its context.
This is achieved mainly by efforts to improve electrical characteristics by reducing
losses by the Joule effect and by strengthening the isolation, using previously, for
example, optimization studies (Noorhana et al. 2012) developed from numerical
models and simulations (finite integration method or FIM).

4.5 Telluric Sources

Telluric methods (mMT and mET) use natural electromagnetic sources, externally
and/or internally to the marine environment. These come partly from celestial space
(the sun) and partly from the sea (hydrodynamic phenomena).

As for the external sources, the electromagnetic energy comes from the interac-
tion in the atmospheric plasma between ionized particles from the sun (solar wind)
and the earth’s magnetic field (Bleil 1964; King, Newman et al. 1967; Jacobs et al.
1987; Nickolaenko 2013).

As for the internal sources, the energy comes from much more complex phe-
nomena related to the marine environment and in particular to the movement of
water masses in the regional geomagnetic and telluric fields (Parkinson 1983)
(Fig. 4.14).

4.5.1 Sources External to the Environment: Geomagnetic Effect
and Schumann Resonance

In addition to its intraterrestrial fluctuations (geological scale), the magnetic field of
the earth also undergoes extraterrestrial variations over shorter periods:

— Distant, such as those from the sun (solar wind and magnetic storms),21

— Closer, such as those from the magnetosphere

— Even closer, such as those from resonance phenomena in the cavity formed by
the Earth and the ionosphere (Schumann resonance)

2!Flow of solar plasma from the coronal mass ejection (CME) of ionized gas escaping from the sun
at speeds of more than 2000 km/s according to cycles of intense activity and more or less long quiet
periods (of about 11 years).
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Fig. 4.14 Simplified Magnetic field on earth
diagram of the origins of the

telluric currents flowing on
the surface of the globe both
onshore and offshore

Schumann Cavity
(electrical storms)

Solar wind
(solar erruption)

The amplitude duration and timing of these disturbances, expressed in y,> are
highly variable:

— 50 v (mean latitude) to 100 y (geomagnetic equator) for periods of 24, 12, 8 and
6 h for diurnal fluctuations>>

— 150 to 200 y during magnetic storms covering periods from 1 week to 1 hour (10¢
to 10~* Hz)

— 1y or less for periods of less than 1 minute (0.002-5 Hz)

External magnetic fields generated in the ionosphere and magnetosphere vary
both temporally and energetically with high amplitudes. In electrical conductors of
large dimensions, whether industrial (pipelines) or natural (oceans), these fields will
induce (Faraday’s law) currents and electric fields € such as:

(4.16)

where b then is the sum of the primary and secondary induced magnetic fields in the
conductor. Considering this time that the electric field induced in the conductor
follows Ohm’s law:

22Geomagnetic usual unit: 1y is equal to 107 Tesla (T) or 1 nanoTesla (nT). 1 Tisequal to 1 Whb/m?>.
The earth’s field in France has a total amplitude close to 50,000 y and its horizontal component is about
20,000 y.

2These variations have a pseudoperiodicity of 26 days, corresponding to the rotation period of the
sun, and are limited to the illuminated face of the earth.
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j=o¢ (4.17)

and that in turn it generates an induced magnetic field such that:

—

Hoj = V A bina (4.18)
we can then deduce, using the above three equations, that:
ob O
—=—-V A— V A bing (4.19)
ot HoO

which is the equation representative of the temporal variations of the magnetic field
induced in the seas.

Several authors (Jones 1983; Kuvshinov and Olsen 2005) calculated the mag-
netic field induced in the oceans from data acquired during magnetic storms. The
spatial distribution of these fields across the terrestrial globe clearly shows a
concentration of lines of force around the continents (seaside eﬂect),24 thus cor-
roborating the precise measurements from 1960 (Mosnier 1967).

Finally, other researchers, to clarify these calculations, took more specifically
into account the hydrodynamic aspects such as water movements in these special
places (Chave and Luther 1990) (Fig. 4.15).

Fig. 4.15 Map of the vertical component of the magnetic field induced in the oceans by the
magnetic storm Bastille Day on July 15, 2000 (at 9:30 p.m.) (According to Kuvshinov and Olsen
2005)

2*An effect demonstrated for the first time in 1879 by British scientists from the Post Office
Telegraph Services (Mathias et al. 1924).
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As an external source, we can also add, among others, that concerning the
trapping of the electromagnetic perturbations caused by electrical discharges of
atmospheric storms (lightning, 20-50 kA) in the cavity formed by the surface of the
earth and the ionosphere (Schumann 1952; Balser and Wagner 1962; Surkov and
Hayakawa 2014).>> With respect to the EM waves, the cavity acts as a spherical
wave guide whose fundamental resonance frequency f; and the harmonics f;, related
to the dimensions of the earth are equal to:

fipg & v (o)

" 2y (4.20)
fn[Hz] :fl VAL (I’l+ 1)
with n=2,3,..... and where rr and v(c) are respectively the earth’s radius

(~6378 km) and the speed of propagation of the electromagnetic waves depending
on the local electrical conductivity c.

If we now consider that the speed of propagation of the electromagnetic waves in
the atmosphere is approximately equal to that of light ¢ in a vacuum (/300,000 km/s),
the fundamental frequency is then established around 7.5 Hz. This is partly true
firstly because of the latitude (cf. Tables 4.3a and 4.3b), and secondly because of the
anisotropic nature of the electric conductivity ¢ of the ionosphere, whose values ¢
vary as a function of the altitude 74,,.

These variations then follow an exponential law and can be expressed by the
equation:

6(h) = o(ho)exp[B(ha — ho)] (4.21)

where

— ho is equal to 60 km altitude®
— For diurnal periods, 6(/) is equal to 4.63 x 10~® mho/m and f is equal to 0.308/km
— For nighttime, (k) is equal to 4.5 x 10~'® mho/m and B is equal to 0.44/km.

Table 4.3a Day and night variations of the velocity (v/c) function of the latitude at the frequency
7.5 Hz. In the Schumann cavity, electromagnetic waves travel in June at a speed of about 75 % of
the speed of light in a vacuum

Latitude (degree) v/c (diurnal) v/c (nocturnal)
90 0.726 0.743
45 0.745 0.764
10 0.771 0.769
0 0.782 0.776

*The phenomenon was discovered theoretically in 1948 (Schumann 1948) and proved experi-
mentally 5 years later (Schumann and Koenig 1954). For a more theoretical approach, the
interested reader may refer to the work of Professor Wait (Wait 1996).

26Beyond that distance, the atmosphere acts as a filter. Below it, the long length electromagnetic
waves are reflected.
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Table 4.3b Schumann resonance frequencies: observed values of fundamental and
pseudoharmonics by different authors and in different places of world

Frequencies f1 (Hz) > (Hz) 3 (Hz) f1 (Hz)
Balser and Wagner (USA) 7.8 14.1 20.3 26.4
Benoit and Houri (Tunisie) — 14.4 20.8 26.8
Chapman and Jones (UK) 8.0 14.1 20.0 26.0
Stefant (France) 7.85 14.2 19.9 26.25
Rycroft (UK) 7.8 14.1 20.0 26.0

According to Selzer (1972)

More precisely, two oceanographic campaigns, carried out in the 1960s,
highlighted Schumann resonances on the seabed:

— One in the first layer of 300 m of water, with the use of the diving saucer of
Captain Jacques-Yves Cousteau (Soderberg 1966, 1969)

— The other at depths reaching 5000 m, with the French bathyscaphe Archimede
(Selzer 1966, 1968; Launay et al. 1964)

4.5.2 Sources Internal to the Environment: Magnetoelectrodynamic
Effect

Internal sources concern more or less large movements of the hydrosphere, i.e.,
those of the oceans and seas (Brahtz et al. 1968). The movement of these water
masses, important and electrically conductive at different levels and scales (ocean
currents, tides, waves, etc.), in the local or extended geomagnetic field induces
electric fields that in turn give rise to secondary magnetic fields that will oppose the
primary field (laws of Faraday and Ampere). Electromagnetically these related hydro-
dynamic phenomena were the first to be studied in detail (see Chap. 1, Sect. 6.3).

The complex set of the temporal variations of these magnetic fields, which
interact, is at the origin of the current flow and the creation of induced electric
fields in the sea. Their amplitude then depends on the direction of the transmitted
wave and on the attenuation due to seawater.

4.5.3 Transmitted Wave Direction

We can show (Porstendorfer 1960) that the impact of the electromagnetic radiation
from the airspace on a surface is of the form:

1
sina = sinog ——— (4.22)

cv/204T

where ay is the angle of incidence of the ray (air) and « is the angle of the refracted
ray in seawater at the interface of these two components (cf. Fig. 4.16).


http://dx.doi.org/10.1007/978-3-319-45355-2_1
http://dx.doi.org/10.1007/978-3-319-45355-2_1
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Fig. 4.16 Reflection and 'Og
refraction of electromagnetic " v
waves from solar activity at
the surface of the ocean .
: o,
Air .~ c,=0
Ow

Sea water

For an EM wave arriving at the surface of the ocean (0.2 Q.m) at a velocity ¢ of
300,000 km/s (air) for a period T of 10 s we obtain, for example:

sino; = sinayg (4.23)

1
—— =0
5 x 10°
The refracted radiation, whatever its impact on the surface of the sea, then pene-
trates vertically into the water (90°).

4.5.4 Electromagnetic Field Attenuations

Considering now that the electromagnetic waves are planes and that they penetrate
vertically, i.e., perpendicularly to the separating surfaces (air/water and then water/
sediment), it is then possible by solving the equation of Helmholtz to obtain the
expressions of the magnetic (y component) and electrical (x component) fields,
depending on the depth (z component) and the height of water h, such as:

_p, Lt @e V4 (1 gty
B,(z) =By 1+q) e+vh +(1—q)eh (4.24)
_ L (+qe?M — (1 —g)etre |
EX(Z) =Ey (1 ¥ q) e+yh ( q) e—'h

with:

. 1—1 Cw
y=(1-1) \/nprGW:T and q=,/— (4.25)
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where O is the skin depth (see Chap. 3, Sect. 3.3.1) and q is the square root of
the ratio of the electrical conductivity of seawater o, on one of the marine

sediments o,.

Letting h tend to infinity, we find the law in e

—z/8

attenuation of plane waves in conducting media (Figs. 4.17 and 4.18).

that characterizes the
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Fig.4.17 Attenuation of the geomagnetic field in open water at infinite depth (a) and on a shoal of
1000 m (b). Below 1 Hz the relation is not linear
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Fig. 4.18 Shapes of east—west and north—south variations of the telluric fields (magnetic field in

nT and electric field

in pV/m) (According to Constable et al. 1998a, b)
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5 Receivers

The appreciation of the flow of an electric current through a medium can be realized
in different ways. In geophysics it is quantified by the evaluation of an electric
and/or magnetic field. The measurement is usually indirectly done either by poten-
tial measurements or more precisely by potential difference measurements with the
use of a microvoltmeter, or by measurement of flux or of induced magnetic fields
using, for example, a magnetometer. These last measures are relatively marginal
and confined to special prospecting applications. In an electrically conductive
medium, such as seawater, the electric fields can also be evaluated by measure-
ments of current density.

At these auscultation frequencies (ELF), the receivers then sample the
geoelectric environment every 0.04 s approximately.

The transmitted energy is dissipated in the different environments via different
paths that are more or less long and fast depending on the reflections and refractions
at the different discontinuities (air/water/sediment/reservoir).

In the majority of cases, SBL uses electrometers as signal receivers (that is, in
the vocabulary of electricians) devices (here, field sensors) that supposedly do not
partly consume the energy to be measured. If it is relatively easy to assess potential
or high amplitude current (electrostatic and electrodynamic systems), it is not true
for the measurement of very small amounts of electricity.

These electrometers have essentially to provide in a given direction some data
from measurements of the amplitude and phase of the electric fields, corrected for
the offset values and immediate environment (Fig. 4.19).

Corrections are made afterward, depending on the degree of uncertainty (Zach
et al. 2009).

Fig. 4.19 Schematic EM fields
diagram of the acquisition
and field data corrections — o~

(amplitudes, phases)
assigned to electrometers in Amplitudes Phases

a given direction
Offset Environment

(source) (media)
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5.1 Types of Receivers

In an electrically conductive medium, on a purely electrokinetic plan, indirect field
measurements must be made with equipment that creates as little disturbance as
possible in the local field of forces (power lines I).

If we consider, for example a measuring voltage (V) between two distant points
M and N (cf. Fig. 4.20), the capture of the current i in this case should be a
minimum that is to say, the current through the device must be very small compared
to I i < I). However, if you decide to make an amperage measurement (A), then
the instrument must possess in the absolute an internal resistance equivalent to that
of the interrupted line of current such that the withdrawn current will be equivalent
to the one flowing through the line of force I=T').

In general, instruments that meet these criteria (low sampling or low internal
power consumption) are classified as electrometers. They can either measure the
potential difference between two points then provide an output voltage, or measure
the current flow (amperage). In both cases, the measured values are dependent on
the dimensions of the apparatus, whose size and electrical characteristics (nature of
the materials used) may themselves introduce local distortions in the measured field
of force.

In the methods of field measurement and more particularly for seabed logging,
the receivers are of the vector type (decomposition of the total field). The two or
three components of the field, whose directions are generally perpendicular to each
other, are then simultaneously measured on different channels.

The electrometric measures (electromagnetic fields) can then be seen from
different principles, by measurement of a potential difference

— By current measurements
— By magnetic measurements

Fig.4.20 Voltage sampling N/\
conditions at very high

impedance (V) or current
sampling conditions at very
low impedance (A) in the
apparatus so as not to (close
to the sensor) disturb the
local electric field

1K1
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and in various devices and methods:

— By fixed seabed sensors
— By subsurface mobile streamer cables
— By downbhole logging tools

these devices being currently in the experimental stage or developed.

5.2 Potential Difference Vector Electrometers

Potential difference electrometers (pd) are currently the only instruments to be
industrially used and have so far proven their effectiveness in certain limits.

5.2.1 Principles and Technology of pd Sensors

We know that the evaluation of an average electric field (equivalent to a scalar

potential gradient dV along an element of length d/ as E= —@V) may be
commonly performed by measures of the potential difference V>’ between two
collection points M and N (AV); n) separated by a distance / (cf. Fig. 4.21) as:

_dV_ Vu—Vy

E=——= 4.2
d/ [ (4.26)

Usual receivers consist of a sealed box (1/2 m?) enclosing all the electronic
components of data acquisition (amplification cards, memory, power supply,
etc.). In space, the electric field vector can be measured on several components in
the directions of a right trihedron, for example. This allows us, among other things,
to distinguish side effects and state the direction.

Under these conditions, the antennas supporting the collection points are posi-
tioned perpendicularly to each other and fixed in pairs on the housing (cf. Fig. 4.22).
They consist of two insulating flexible arms in composite fiber full or formed of
polypropylene tubes each about 5 m length, which support at their ends the

VM V N
b
M E N

Fig. 4.21 The value of the electric field E is defined by the potential difference AV between
two points M and N, or between two small equipotential surfaces, separated by a distance /

Ina given direction, the average field is not determined by the derivative of the potential, but by a
potential difference between two points.
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Fig. 4.22 SBL receiver comprising in its center the acquisition tight case (amplification,
processing and storage of data, MN and M’'N’ antennas and buoyancy spheres at the fop). Such a
device has dimensions (electrode to electrode) of 10-20 m for the models currently in service.
Magnetic field sensors placed parallel to the antennas can be added to the electrometric device
(cf. Plate 4.2). The tracking and reporting of the sensor at the surface is provided by a flag (day)
and/or a glow torch of the Xenon type (night) and sometimes by a VHF device for localization in
bad weather (fog)

conductive collection electrodes (MN and M'N’). All the strands forming the
antenna thus form an electrical dipole (TE mode) of approximately 10 m in length.

The anchoring of the apparatus on the seabed is provided by a degradable
concrete ballast (soluble in seawater and chemically inert), fixed under the water-
proof container, which at the end of the mission automatically separates (via a
released mechanism piloted by an acoustic transponder trigger) from the acquisition
device to let it come to the surface. The solid ballast (about 200 kg) is designed
(weight, shape, adhesion, etc.) to ensure the instrument has maximum stability at
the bottom of the sea.

To ensure the hydrostatic equilibrium of the set (box and arms), syntactic foam
spheres are arranged on the top of the box to adjust the buoyancy and ensure their
rise when the ballast is dropped. The foam is composed of 10200 pm diameter
glass microspheres placed in a plastic resin matrix. The density is about 0.55 times
that of seawater (600 kg - m>).

The device can also be completed in a third way corresponding to the measure-
ment of the vertical field and possibly by two or three directional magnetometers
(TM mode) placed in the same directions, but corresponding to the transverse
fields.

In a conductive medium such as seawater, electric fields, the result of a voltage
drop caused by a rapid dissipation of energy, are necessarily of very low intensities.
The measurements are then limited by the spacing / between the two electrodes
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(10 m in general for the existing industrial equipment). Thus, if the use of an
instrumentation amplifier with high input impedance eliminates contact resistances
(electrodes/fluid), making them negligible compared to the one of the measurement
system, it nevertheless takes into account only a small portion of the signal. This
therefore gives the measuring equipment a very poor performance for maximum
space.

One solution would be then to increase the distance / between the two electrodes,
but the electric field then could no longer be considered as locally uniform and the
congestion would become a disability (see Sect. 5.2.9). Moreover, in most cases,
measurements are also limited by the background noise of the apparatus (white

noise having a voltage with at least an amplitude of 10 nV/v/Hz).

5.2.2 Sampling Electrodes

To eliminate the polarization phenomena caused by seawater on metals®® (contact
between a liquid phase containing chlorides and a degradable and metallic solid
phase), we preferably use unpolarizable type electrodes” or metal/metal-ion elec-
trodes (cf. Fig. 4.23). At the moment, they are built around electrochemical couples
such as Ag/AgCl (silver metal Ag bathing in its saturated silver salt solution Ag* +
C17),** thereby forming a half-cell potential (Fig. 4.24).

Porous wall CAg+ClI'  Ag Isolating Isolated cable
| ! - | 1

End piece  Electrolyte = Electrode  Flexible arm

Fig. 4.23 Details, in longitudinal section, of a potential sampling impolarizable electrode located
at the ends of each arm in contact with seawater. The reversible reaction becomes Ag+Cl™ «—
AgCl+e™

Z8The contact between two different phases (liquid for seawater, solid for the electrodes) causes
electrochemical phenomena at the interface, inducing electromotive parasitic forces. The elec-
trodes of M/MCI (M for metal) type were preferentially chosen because of the presence of high
concentrations of chloride ions (C1 ™) in seawater. The electrodes of Ag/AgCl type have an annual
drift of a few millivolts per year. We could also use the combination Pb/PbCl,. This one indeed has
a lower drift of the order of 0.2 mV/month and a starting polarization of less than 0.2 mV with a
thermal drift of about 200 pV/°C (Petiau 2000). These electrodes are used on MT NOMADE™
electrometers from Ifremer.

2The invention of the unpolarizable electrode or nonpolarizing electrode is due to the Italian
Professor Matteucci for his studies on telegraphy (Matteucci 1862) and was more specifically
applied to the exploration of ore deposits in 1882 by Barus in the USA (Barus 1882) and then in
1912 by Conrad Schlumberger for the method of spontaneous polarization or the PS method
(Schlumberger 1913).

3The mechanism of unpolarizable electrodes is based on Nernst’s formulation (see Ives and
Janz 1961).
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Fig. 4.24 Equivalent electrical circuit of the impedance characteristic of an impolarizable elec-
trode system of the EMGS type. R, R, and C, are respectively the resistance of the electrolyte, the
charge transfer and the capacitance (According to Havsgard et al. 2011)

The potential measuring electrodes are characterized on the electrokinetic plan
by their contact resistance with regard to seawater and by their electrochemical
noise. These electrodes are carried either on solid strands (fiberglass, EMGS type),
connectors then being deported outside (visible cables), or at the end of hollow
strands in polyvinyl chloride or polypropylene containing the connecting cables.

The potential of the unpolarizable electrodes comes from the Nernst equation
such that the resultant voltage is equal to:

K., T
u= uggm — TLog(acr) (427)

where ugﬂm, K, T and F are respectively the normal potential of the electrode (i.e.,

0.22 V at 25 °C), the perfect gas constant (i.e., 8.314 J.molfl.Kfl), the absolute
temperature, Faraday’s constant (96,485 C.molefl), and o, the activity of chlo-
ride ions (C17).

The variations in temperature and salinity (see Chap. 3, Sect. 2.1.1) introduce
continuous interference voltages, which are equal for the Ag/AgCl electrodes to
350 pV/°C and to 500 uV/%saiinity (Drever and Sanford 1970).

After a week of storage, the DC potential between the two electrodes is below
0.01 mV. To reduce these voltages, the electrodes are always matched in pairs
together with adapted systems, so as to minimize the polarization potential
difference.

5.2.3 Contact Resistance of the Electrodes

The contact resistance between the “solid” metal of the electrode and the
“liquid” electrolyte (seawater) results from a problem of electrochemistry, which
is more or less complex to deal with. It is easier then to study the phenomenon
experimentally than theoretically. The results are given for the Ag/AgCl electrodes
in Fig. 4.25.


http://dx.doi.org/10.1007/978-3-319-45355-2_3
http://dx.doi.org/10.1007/978-3-319-45355-2_3
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Fig. 4.25 Graph of the Q
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When collecting the potential, the ohmic drop caused by these electrochemical
reactions is low (a few ohms) compared to the very high input impedance of the
sensors’ instrumentation amplifiers (several megohms). Furthermore, the experi-
ments show that the contact resistance decreases as the frequency increases,
corresponding to a decrease in polarization phenomena (cf. Fig. 4.25).

5.2.4 Electrode Noise

Tested in a laboratory the noise electrode (Ag/AgCl couple) in the range of 0.02 to
20 Hz is below 2 nV rms, which corresponds to the noise of the electronics (Cox
et al. 1978) and to the Johnson or thermal noise (see Eq. 4.27) (Fig. 4.26).

Today, the most effective electrodes have a noise level of about 4.5 pV/m
(Havsgard et al. 2011). However, it seems difficult to go below the threshold of
1nv/m/+/Hz, knowing that the best amplifier chains have a noise reduced at the

input to about 0.5nv/m/+/Hz (cf. Sect. 5.2.6).

5.2.5 Measurement Electronics

The measurement electronics have been imperatively developed around low noise
components and more specifically operational amplifier types TL61 or TLO81
(BiFET), for example, to which are added active and passive filtering devices for
detection and correction of the environmental effects.
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Fig. 4.26 Energetic spectral comparison of the level of noise of the electrode on the seabed and in
a laboratory (According to Constable et al. 1998a, b)

Signal Amplification and Detection

The electrodes (x2) of each channel (M, N) and (M’, N') are connected in the circuit
input to a low noise differential amplifier of gain 1000, for example,31 followed by
an RC filter (stop offset voltages generated by the floating input amplifier), a chain
of selective low pass amplifiers (high frequency filter) and an integrator to eliminate
residual voltages. The amplitude and phase are then detected by ad hoc processes as
synchronous detection (an example will be seen later; see Sect. 5.4.2), and then
corrected from the errors of the offset and orientation of the sensors (cf. Fig. 4.31).
To fully reduce the drift and give the detection electronics a resolution of 1 pV we
particularly use low noise preamplifiers stabilized by a chopper (Fig. 4.27).%
Other measuring devices have been proposed (cf. Figs. 4.28 and 4.29), having
for example as a first preamplification stage a midpoint transformer also stabilized

3The advantage of the differential amplifier lies in the fact that its inputs are perfectly matched
thanks to the symmetrical arrangement. This has the effect of almost completely compensating for
drifts of low periods. This device also has the advantage of eliminating similar parasitic voltages
simultaneously affecting the two inputs of the amplifier stage. At this point one can choose
differential amplifiers with floating inputs and incorporated gain whose output voltage relative
to the mass of the electronic system is directly proportional to the difference of the input voltages.
Current technologies allow us to produce this kind of amplifier. These amplifiers also have
programmable gains up to 1000, which allow us to raise tension very quickly without significantly
affecting the signal by the instrumental noises that would occasion a conventional amplifier chain.
For example, one can use a precison instrumentation amplifier, such as the Analog Devices
ADG624.

3Electromechanical or electronic switching allowing us to modulate the signal to a higher
frequency and to restore it at the end of amplification by synchronous demodulation (Schwartz
1959). This eliminates then more or less long term drifts, characterizing, among others, electro-
chemical noises.
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Fig.4.27 Principle of chopper preamplification. To eliminate, among other things, slow drifts, the
signal is synchronously modulated and demodulated upstream and downstream from the amplifier
(gain). We also use double inverters instead of multipliers

Fig. 4.28 Electronic block Differential
diagram (one path) of an Amplifier
instrumentation amplifier % '
for field receivers Med) -
measuring potential N l ' >—f

difference, supplying in the Y

output of the circuit the

amplitude and the phase of
the electric field

RC Selective filter Integrator ~ Adjustment Output

o=

Synchro p%ﬁ Phase Detector l—b-
Oscillator [Table]

Chopper Pre-amplifier Synchronous detector Filter band pass Converter

Fig. 4.29 Electronic diagram (one path) of an instrumentation amplifier, stabilized by a chopper
at the secondary winding of the transformer, with a transistor synchronous demodulator (2 kHz
clock) and isolation, amplifier and buffering transformer. Application to the field receivers
measuring potential difference (According to Cox et al. 1981)
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by a chopper (Cox et al. 1981) or using a Deaton electric field chopper amplifier,
which uses a MOSFET bridge (Webb et al. 1985).

For passive detection systems (telluric source and marine magnetotelluric sur-
vey) the reader may refer for example to Professor Constable’s patent (Constable
et al. 1998b).

5.2.6 Noise Amplification, Noise Level and Background Noise

Related to a resistance of 4 Q, the average value of the resistance of the electrode
(cf. Fig. 4.26), the amplification chain noise voltage e, is a function of the noise
voltage of the amplifiers ~ 0.6 nV/v/Hz and of the thermal noise (cf. Sect. 5.3.3.4)
~ 0.3 nV/y/Hz (Northrop 1989) such as:

€noise = V 0.6> — 0.3~ 0.6 IlV/ vHz (428)

The noise level is accordingly proportional to the noise amplification voltage and
to the bandwidth Af such that:

Vnoise = eﬁoise' Af (429)

For example, if during a period of 10 s, Af'is 0.1 Hz, with a voltage e,;s of about
1 nV, then we will have a noise voltage v,ise in output amplification equal to 3 x 1071
V rms. On the electric field, noise is then reported to the distance / separating
the measuring electrodes, i.e., Vpise/l Or 3 X 107" V/m for an antenna of 10 m
length.
On the sea floor, considering the power emission, the noise n depending on the
moment (I,L) of the transmitter antenna is equal to:
Vnoise _ 32 Af

noise *

NS0T LU

(4.30)

e.g., for an injection current of about 500 amps, this corresponds for a 200 m length
antenna to a noise value of 3 x 107'® V/A.m? at 0.1 Hz.

In fact, in commercial operations, the background noise in the best case is
slightly higher (107" V/A.m? in average over all frequencies studied), even
much higher in shallow waters near the coast where the frequency band is more
spread out (Fig. 4.30).
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Fig. 4.30 Example of noise recording for a pair of electrodes and a 4 Q input resistance
(According to Havsgard et al. 2011)

Phase Corrector (Offset and Orientation Effects)

During acquisition, it is necessary to correct errors on the phase values introduced
by the offset and the orientation unknown by the electrometers on the seabed as was
pointed out above (see Chap. 2 Sect. 4.2.2).

More generally, when, for one reason or another, the clocks of the energy
transmitter and the receivers are not perfectly synchronized, it is possible to
accurately reposition them during the passage of the source above the electrome-
ters. We know that at this precise moment (at the top) the signals are in phase and
the intensities are maximum.

We can then automatically perform on the detected intensity peaks a phase
correction from the measured fields ¢gy in the in-line configuration with the help
of a numerical table ¢rap pre-established from a synthetic model taking into
account the frequency o, the electric conductivity of seawater o, the length L of
the antenna of the transmitter, and the offset from the center of the antenna ry,.

At this exact moment, the delay times Az are thus equivalent to the time
difference between these two fields (measured and calculated) such that we have:

_ Ppu(0) — ¢T/?11)3(“’7L’ 0, 0w) (4.31)

At

or, more precisely, by performing the test in several frequencies, such as to obtain
the average of the Az (Mittet et al. 2007):

— 1 Ppx (0) — drag(®, L, 10, 0w)
Az = EZ (4.32)

w
®


http://dx.doi.org/10.1007/978-3-319-45355-2_2
http://dx.doi.org/10.1007/978-3-319-45355-2_2
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The estimation of these differences by one of these means allows us to adjust the
values of the erroneous phase introduced by the relative orientation of the receivers
relative to the emission source.

Digital Electronics

The outputs of the overall measurement system (preamplification, detection, ampli-
fication, processing, etc.) are then directed to a 24-bit analog/digital converter
(ADC) (cf. Sect. 5.9.2).

Sampling is performed within a range of frequencies from 30 to 1000 Hz.** Data
are then digitally processed using, for example, an embedded microcontroller.
Moreover, this has the possibility of optionally controlling the arm deployment
actuators for measurements and releasing the ballast for the ascent of the receivers
to the surface. Data are then temporarily stored in RAM (random access memory) to
minimize the power consumption and the noise during acquisition, before being
permanently stored on ROM (read-only memory)—mass storage such as flash cards
(capacities up to 64 GB) or mini—hard disk, completed by an Ethernet interface,
allows data recovery without opening the instrument. To control and synchronize
all the data acquisition, the instrument must have onboard precise electronic clocks
to keep time. These clocks piloted by a quartz oscillator must operate at a constant
temperature. They are placed in a thermostatically controlled box or can be
regulated with a calibrated microcomputing system with the use of a conversion
table for temperature/frequency.

Auxiliary Devices

The acquisition device itself is complemented by:

A magnetic or electronic sensor—type direction compass (north direction),
— An attitude sensor for the antenna orientation (tiltmeter, inclinometer)

— A pressure sensor for bathymetry and depth (depth meter)

— A communication transmitter (acoustic transponder)

and, where appropriate, location sensors (acoustic beacons).

When electrometers lack these systems and more particularly the orientation
system, some authors (Key and Lockwood 2010) propose to use a posteriori the
parameters of the ellipses of polarization of the electric fields for this task (see
Chap. 3, Sect. 5.4) (Fig. 4.31).

3 The sampling frequency is here dependent on the speed of movement of the transmitter and on
the depth of immersion of the measuring devices, and partly sets the longitudinal resolution.


http://dx.doi.org/10.1007/978-3-319-45355-2_3
http://dx.doi.org/10.1007/978-3-319-45355-2_3
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Fig. 4.31 Diagram of an entire electrometric data acquisition system including the annex sensors
and the calculation, control and communication means

5.2.77 Consumption and Packaging

In general, the electronic acquisition part consumes less than 500 mW. The power
supply is composed of lithium batteries, the most successful today (about 500 Wh/kg,
with very low internal impedance, etc.) providing autonomy for several days or, if
appropriate, several months. All these electronic components and related sensors
are enclosed in a waterproof, unmagnetic case made of plastic, able to withstand the
immersion pressure (at least 150 bars). For example, the potential energy of a
standard sphere (17 in.) at 4000 m (operational maximal pressure) is 1.7 MJ (see
note 5, Chap. 3). The collapse strength at depth, as a function of the mechanical and
geometric characteristics of the packaging, is given by different analytical formulas
(Dehart 1969; Sainson 2007).

We would like to remark that today we no longer use metals for the construction
of cases, which prevents corrosion and galvanic effects (electrical currents).

The electrical wire connections from the field sensors (minimum x 4) pass
through watertight connections (for example, Jupiter waterproof plugs collected
on an outer housing fixed to the case).

5.2.8 Intrinsic Characteristics of Potential Difference Electrometers
Electrometers offer, depending on the manufacturer, almost the same features and

performances. A large number of elements are in fact common to the different
sensors (Constable 2013) (Table 4.4).


http://dx.doi.org/10.1007/978-3-319-45355-2_3
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Table 4.4 Summary of the main characteristics of seabed pd electrometers

Characteristics Values

Number of paths (electrical field) 2o0r3

Converter (ADC) 24 bits

ADC noise level 107" V*/Hz at 0.01 Hz
Consumption 450 mW (3 channels)
Maximum sampling 1 Hz

Bandwidth 10 s-1 Hz

Data storage capacity 1-2 Gb

Energy, power Lithium batteries
Navigation system Edgetech (manufacturer)
Noise (voltage) 107 ¥ V¥/Hz at 1 Hz
Noise (field), 10 m length antenna 3x 107" V/Am?at 1 Hz
Weight in air 300 Ib

Immersed weight 301b

Dimensions 10 m overall

Maximal immersion depth 4000 m

“These specifications may vary from one manufacturer to another

5.2.9 Disadvantages of Electric Field Measurements by Potential
Difference

If we desire, for one reason or another, to increase the sensitivity of the measuring
apparatus, to obtain a greater depth of investigation for instance or better resolution,
it is then necessary to increase the distance / separating the potential measuring
electrodes (—dV =e.d/) in proportions that cannot withstand the operational con-
straints (too great a congestion of the materials), especially now in the context of
industrial operations. Moreover, this constraint also includes side effects such as
those caused by the induction phenomena related to displacement or due to the
movements of the arms carrying the two electrodes (antennas).

Indeed, at the point of measurement, the potential can be finally expressed in the
form of a balance of fields and electromotive forces whose integration into the
closed circuit of the MNOM arrangement formed by the electrodes MN and the
measuring apparatus O (cf. Fig. 4.32¢), is equal to:

o o= ] 0 o =
?{ —VV+VAb—————].dI=0 (4.33)
MNOM oy Ot

where the order of the four terms in parentheses corresponds to the order of their
contributions to the medium of conductivity o, of:

— The electrostatic field where V is the scalar electric potential (Coulomb force)
— The field induced by the movement V (velocity) of the arms in the local magnetic

field b (Lorentz force)
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— The resistance of the medium to electric currents (ohmic resistive force)
— The field induced by temporal variations of the magnetic field (eddy current)

Only the first two terms, concerning Coulomb and Laplace forces, are defined in
the same way over the entire periphery of the MNOM circuit. The following two
terms are different according to the path, either directly electrically closed on the
seawater (MN path, cf. Fig. 4.32a) or passing through the receiver O (MON path,
cf. Fig. 4.32b).

Then, using Stokes’ theorem:

7( i.di= § EVAD.dS (4.34)
surface
outline

and the vector identity:
VAVp=0 VpeR (4.35)

we may treat then the integrals of the gradient and the eddy currents such that we
have:

/ i.d?:/ (vaAB) .d7+/ (VAB).dT-/ JodaT (436)
arms Ow arms MN MN Ow
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where V, is the relative velocity of the arm, the antenna or the cable naturally stirred
into the water or towed by a boat (streamer).

If the measuring apparatus (microvoltmeter in this case) has infinite resistance,
the left term of the above equation is then the voltage U at the terminals of the arm,
i.e., ultimately the local electric field e, considering the tense and straight arm. We
have then in this preferential position (maximum field):

N[ 1 .
U:/ éa.diz/ J (- v)Ab|.di (4.37)

M Ow

However, if the arm or the cable is not tense, or if it has curves or even (the worst
case scenario) if it moves in the local magnetic field (thus initiating flux variations
in — Ob/0t in the nonzero surface defined by the arm and the straight line joining the
electrodes), the collected voltage and the resulting electric fields are then no longer
representative of the electrical phenomena we wish to study (cf. Fig. 4.32).

We can therefore easily realize that in this seabed environment—hostile and
inaccessible with fluctuating magnetic and hydrodynamic conditions®*—instru-
ments with a base several tens of meters or even hundreds of meters long, which
could then clearly have higher sensitivity, cannot be used without the support of a
rigid structure (frame) of large dimension.”® Provided one can also assess the
position of these sampling lines in relation to the underwater topography, such
arrangements may not be compatible with industrial constraints and especially
those of laying and raising these materials offshore.

For these practical reasons, another method is