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Prinzip

Messung elektrischer und magnetischer Felder (Wechselfelder)

Aussagen über räumliche Verteilung elektrischer (und magnetischer)
Eigenschaften im Untergrund
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Beispiele II

(BGR)
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Beispiele III

(H. Brasse)
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Skalenlängen
1 Kampfmittelsuche, UXO

2 Archäologie

3 Hydrogeophysik

4 Störungszonen

5 Lagerstätten (Erze, KW)

6 EM im kontinentalen Maßstab (Magnetotellurik)
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Why choose EM at all?

Sensors Resolving power
Distance Fluid Surface-

to-
surface

Borehole-
to-
surface

Borehole

Seismic Excellent Poor Excellent Excellent OK (noi-
se)

EM OK Excellent
(Water
to HC)

OK Excellent Excellent

Gravity Poor OK (Oil
to gas)

Poor Poor Poor

Strongest
Synergy

Seismic EM, Seis-
mic

Seismic,
EM, Gra-
vity

Seismic,
EM

Seismic,
EM, Gra-
vity
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Kontrast im Parameter Leitfähigkeit

Traditionelle Aufgabe: Sulfiderze gegen Nebengestein abgrenzen

�: 25 Dekaden (Diamant - Kupfer)
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Chaos
Techniken

Untersuchungsmethoden

Applikationen

Interpretation

Produktbezeichnungen
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Ordnung, Klassifikation

Jedes elektromagnetische Verfahren misst eine oder mehrere
elektrische/magnetische Feldkomponenten, die von natürlichen oder
technisch erzeugten Quellen elektromagnetischer Energie abgestrahlt
werden.

Sender/Transmitter
Empfänger/Receiver
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Zweckmäßige Einteilung der elektromagnetischen Verfahren
Empfänger

Sender Elektroden Elektroden und Spulen Spulen (Erdoberfläche) Spulen (Luft)
Geerdetes Kabel:
Galvanisch

Widerstands-
geoelektrik, IP

MMR

Induktiv CSAMT LOTEM
Spule: Slingram, TEM, Bohrloch-EM Aero-EM
Langes Kabel,
große Spule:

TURAM, TEM, Bohrloch-EM

Ebene Wellen:
Vertikale Antenne VLF-R VLF VLF
Natürliche elektro-
magnetische Felder

Tellurik MT
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Einteilung der EM-Verfahren

aus: Handbuch zur Erkundung des Untergrundes von Deponien und Altlasten, Knödel et al. (Hrsg.), Springer Verlag
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Einteilung nach Merkmalen der Felder

r ⇥ H r ⇥ E
Wellenvorgänge j + @D

@t �@B
@t GPR HF-Methoden

Quasistationäre
Vorgänge

j �@B
@t Slingram, TEM,

MT
NF-Methoden

Stationäre Felder j 0 Geoelektrik DC
Statische Felder 0 0 –
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Messung

Ermittlung der Übertragungsfunktion des Systems Erde.
Da überwiegend linearer Zusammenhang zwischen j und E , gilt prinzipiell

⇢s = |E |/|j | extrem vereinfacht!

Beispiel: Widerstandsgeoelektrik für f = 0

Magnetotellurik:

Magnetfeld Elektrisch leitfähige Erde Elektrisches Feld
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Messung unter Verwendung von Wechselfeldern

Transmitter strahlt Wechselfeld ab und induziert sekundäre Stromsysteme
(Wirbelströme) im leitfähigen Untergrund. Mit Receiver wird Überlagerung
von primären und sekundären Magnetfeldern gemessen.

Zur Interpretation wird z.B. die Größe H/Hp herangezogen, welche von
verschiedenen Faktoren abhängig ist:

Frequenz

Leitfähigkeit

Geometrie

Zusammengefasst: Response-Parameter !µ�L2
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Überwiegend: Simple Strukturen

Homogener Halbraum

Geschichteter Halbraum

Kugel, Zylinder

Aber:
Jede leitfähige Region antwortet mit eigenem Response-Parameter.
Gesamtinduktion ist kompliziert wegen induktiver Kopplung. Auch
sekundäre Magnetfeld induzieren Ströme.

(Inst. f. Geoph.) EM WS 2023/2024 20 / 187

-

⑳-⑯--·
--



Methodische Fortschritte
Gesamtstruktur wird berücksichtigt

Numerische Methoden anwendbar

Empfindlichkeit der Messinstrumente erhöht

Einflussfaktoren
Geologisches Rauschen

Elektromagnetisches Rauschen

Verfügbarkeit von Interpretationswerkzeugen (Software)

Erfahrung

Nichtgeophysikalische Randbedingungen, z.B. Geländeform, Budget,
Zeit etc.
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Receiverrauschen
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Vielfalt der Verfahren
Unterschiedliche Array-Konfigurationen

Unterschiedliche Primärsignale

Techniken zur Abtrennung des Primärfeldes

Zu interpretierende Messgröße

(Inst. f. Geoph.) EM WS 2023/2024 23 / 187



Unterschiede in Array-Konfiguration

Induktive oder galvanische Ankopplung des Primärsignals

Messung von E oder B (@tB)

Sender fest oder beweglich

Abstand zwischen Sender und Empfänger (MT, VLF)

Sondierung, Profilierung
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Unterschiede im Primärsignal

Zeitharmonisch: j (r)e i!t
Monofrequent
Kontinuum

Zeitbereich: j (r , t)
Impulsfolgen
Sprungfunktionsfolgen
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Abtrennung des Primärfeldes

Genauigkeit der Sekundärfeldbestimmung

Messung bei Abwesenheit des Primärsignals (TEM)

Messung von Feldverhältnis, z.B. Bz/Bh

Kompensation
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Zu interpretierende Messgröße

Geometrische Beschreibung des Totalfeldes

Impedanz

Verhältnis von Sekundärfeld zu Primärfeld

Felder

Zeitableitung des Magnetfeldes (Spannung!)
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Weitere Interpretationstechniken

Ableitung der Störkörpergeometrie (Länge, Tiefe, Einfallen) aus
räumlicher Charakteristik der Messgröße

Ermittlung der elektrischen Leitfähigkeit aus Frequenz- oder
Zeitverhalten des Signals

Modellierung

Simulation der induzierten Felder über beliebigen LF-Strukturen

Inversion
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EM-Messungen sind

begrenzt

unvollständig

fehlerbehaftet
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Petrophysikalische Parameter

Elektrische Leitfähigkeit

Magnetische Permeabilität, Suszeptibilität

Dielektrische Permittivität
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Elektrische Leitfähigkeit

Verknüpfung von j und E durch Ohmsches Gesetz.

� in S/m, i.A. symm. Tensor

� =

0

@
�xx �xy �xz

�yx �yy �yz

�zx �zy �zz

1

A

�xx = �yy = �zz , Nebendiagonalelemente = 0: isotrop

�xx 6= �yy 6= �zz : anisotrop

(Inst. f. Geoph.) EM WS 2023/2024 31 / 187



Elektrische Leitfähigkeit

Angepasste Gesteinsmodelle für unterschiedliche Tiefenbereiche
erforderlich:

Sedimente: Archie-Gesetz, Mischungsgesetze für Mehrphasenfluide

Festgesteine: Klüftigkeitsmodelle

Untere Kruste, Mantel: Graphit, Partielle Schmelzen, Peridotit,
Perovskit, ...

Subduktionszonen: Wassereintrag ! Fluide

(Inst. f. Geoph.) EM WS 2023/2024 32 / 187



Electrical conductivity

Various depth regions require appropriate rock conductivity models.

Sedimentary rocks: Archie’s law

Hard rock: fracture models

Lower crust, mantle: Graphite, partial melting, peridotite, perovskite,
...

Subduction zones: Fluids
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Archie-Gesetz (1942)

Verringerung der Leitfähigkeit eines Porenfluids bei Anwesenheit einer
nichtleitenden Gesteinsmatrix:

�G = F�f , F = a�nSm Formationsfaktor

�G : Gesteinsleitfähigkeit, bulk conductivity
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Archie’s law (1942)

Decrease of electrical conductivity of a pore fluid in presence of a isolating
matrix

�G = F�f , F = a�nSm formation factor

�G : bulk conductivity
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Connectivity

Kruste, Mantel: E↵ektive Gesteinsleitfähigkeit nach Hashin, Shtrikman und
Sen:
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Connectivity

Earth’s crust, mantle: E↵ective rock conductivity model after Hashin,
Shtrikman, and Sen:
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Hashin-Shtrikman-Modelle
Kugeln mit gleichen Anteilen von �f und �m wie Gesamtgestein.
M1: Untere Grenze �min (Kern gutleitend):

�min =

✓
�

�f
+

1 � �

�m

◆�1

M2: Obere Grenze �max (Kern schlechtleitend):

�max = ��f + (1 � �)�m

Für �m ⌧ �f gilt

�max =
2�

3 � �
�f
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Hashin-Shtrikman models
Spheres with equal fractions of �f und �m as in bulk rock.
M1: Lower bound �min (conducting core):

�min =

✓
�

�f
+

1 � �

�m

◆�1

M2: Upper bound �max (resistive core):

�max = ��f + (1 � �)�m

Für �m ⌧ �f gilt

�max =
2�

3 � �
�f
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Modell von Sen

M3: Selbstähnliches Gesteinsmodell (invariant gegenüber
Skalenänderungen)

�G � �m

�f � �m

✓
�f

�G

◆1/3

= �

Für �m ! 0 gilt

�G = �3/2�f
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Model of Sen

M3: Self-similar rock model (scale invariant)

�G � �m

�f � �m

✓
�f

�G

◆1/3

= �

If �m ! 0 there holds

�G = �3/2�f
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Anisotropiemodell nach Sen

M4: Ellipsoide statt Kugeln

�G � �m

�f � �m

✓
�f

�G

◆N

= �

N: Entelektrisierung, Nadeln: N ! 0, Platten: N ! 1
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Anisotropy model after Sen

M4: Ellipsoids as replacement of sphere

�G � �m

�f � �m

✓
�f

�G

◆N

= �

N: needle (prolate): N ! 0, plate (oblate): N ! 1
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Elektr. Leitfähigkeit von Kohlensto↵

C: 4. Hauptgruppe ! 4 Außenelektronen

Diamant Kubisch flächenzentriertes Gitter, keine schwach gebundenen
Außenschalenelektronen ! schlechter Leiter

Graphit C-Atome bilden in Schichten angeordnete Ringe, in denen
jedes Atom 3 Nachbarn hat. Das überzählige Elektron kann
mit überzähligem Elektron des Nachbaratoms schwache
Resonanzbindung engehen und leicht verschoben werden
(Stromfluss).
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Electrical conductivity of graphite

Carbon: 4. Hauptgruppe ! 4 Außenelektronen

Diamond Face-centered cubic crystal structure, no valence electrons

Graphite Atoms are arranged in hexagonal lattice, each carbon atom
uses only 3 of its 4 outer energy level electrons in covalently
bonding to three other carbon atoms in a plane. Each carbon
atom contributes one electron to a delocalized system of
electrons that is also a part of the chemical bonding. The
delocalized electrons are free to move throughout the plane.
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Graphit
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Magn. Suszeptibilität

Spielt i.A. untergeordnete Rolle in EM.
Ausnahme: Magnetischer Phasenübergang in Curie-Tiefe

� =
C

T � TC

Hypothese: Äußert sich z.B. in Magnetotellurik (Kiss, Szarka, Pracser;
GRL 2005)
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Magn. Susceptibility

of little importance in EM methods
Exception: Magnetic Phase transition at Curie depth

� =
C

T � TC

Hypothesis: May lead to mis-interpretation of magnetotelluric
measurements (Kiss, Szarka, Pracser; GRL 2005)
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Dielektr. Permittivität

Spielt bei niedrigen Frequenzen untergeordnete Rolle.

Wichtig bei niedriger Leitfähigkeit und/oder hohen Frequenzen.

Anwendung: Georadar
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Dielectric Permittivity

Can be neglected when frequencies are su�ciently low.

Important only when conductivity is low (air!) and/or frequencies are high
(GPR, radio frequencies).

Anwendung: GPR, RMT
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Separate Betrachtung der elektrischen, dielektrischen und magnetischen
Eigenschaften ungünstig. Besser:

Wellenzahl
Alle Gesteinseigenschaften und Frequenz werden in einem Term
berücksichtigt:

k2 = �i!µ(� + i!").

Feldgleichung

Ex = E 0
x e

�ikz

= E 0
x e

�(R + iI )z , ik = R + iI

(Inst. f. Geoph.) EM WS 2023/2024 51 / 187



Separate analysis of electrical, magnetic, and dielectric properties not
appropriate. Better solution:

Wave number
All electrical rock properties, and frequency are combined in one term:

k2 = �i!µ(� + i!").

Field equation

Ex = E 0
x e

�ikz

= E 0
x e

�(R + iI )z , ik = R + iI
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Di↵usion

R : Dämpfung als Funktion von z führt auf Skintiefe mit ⌧ = 1/R

I : Harmonische Amplitudenänderung mit z führt auf Wellenlänge
� = 2⇡/I
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Wave di↵usion

R : Decay with depth z yields skin depth ⌧ = 1/R

I : Harmonic amplitude modulation with z leads to wave-length
� = 2⇡/I
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Wellenzahl

k = k(�, !, µ, ")

Frequenz ist Design-Parameter:

! klein
k2 = �i!µ�

k =
�!µ�

2

�1/2 � i
�!µ�

2

�1/2

! groß
k2 ⇡ !2µ"
� = 2⇡

!(µ")1/2

Verhältnis Leitungs- zu Verschiebungsstromdichte: Verlustfaktor !/µ"
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Wavenumber

k = k(�, !, µ, ")

Frequency acts as design-parameter:

! small:
k2 = �i!µ�

k =
�!µ�

2

�1/2 � i
�!µ�

2

�1/2

! large:
k2 ⇡ !2µ"
� = 2⇡

!(µ")1/2

ratio between induced to displacement currents: loss !/µ"
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Frequenzabhängigkeit

�(!), µ(!), "(!)

IP-E↵ekte, Polarisationserscheinungen
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Frequenzy dependence

�(!), µ(!), "(!)

IP e↵ects, polarization
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Magnetotellurics

1 History

2 Basic concept

3 Theoretical foundation

4 Interpretation

5 Examples
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History I

MT: Magnetotellurics, lat. ”tellus”, Earth.
MT measures natural electrical (”telluric currents”) and magnetic fields
over wide range of frequencies (1/10,000 to 10,000 Hz)

Introduced by:
A. N. Tikhonov (1950): ”On determining electrical characteristics of the
deep layers of the earth’s crust”, Dokl. Akad. Nauk S.S.S.R. 73, 295
L. Cagniard (1953): ”Basic theory of the magneto–telluric method of
geophysical prospecting”, Geophysics, 18, 605-635

First instruments in 1950’s by USSR: Analog registration onto film.
Discovery of Urengoi gas field!
Originally mainly used for academic research, the MT method was used
successfully for the mapping of geothermal reservoirs starting in the early
1980s and became standard for this application. In recent years
magnetotellurics has also become increasingly popular in oil and mineral
exploration.
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Source of excitation

Source of energy: Natural variations of the Earth’s magnetic field caused
by (a) electrical currents in the ionosphere and magnetosphere, (b)
worldwide tropical thunderstorm activity. Broad range of variations: (a)
from > 10000 sec period up to some Hertz, (b) from some Hertz up to
some 10 kHz

Caused by: EM wave and particle radiation (solar wind) triggered by solar
activity, interaction with magnetosphere, ionosphere. Formation of natural
electrical current systems associated with magnetic fields.

(cf. Lecture on Physics of the Atmosphere (MSc))
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Geomagnetic spectrum I
Geomagnetic Temporal Spectrum Catherine Constable –4
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Figure 2: Composite amplitude spectrum of geomagnetic variations as a function of frequency (Constable
and Constable, 2004): annotations indicate the predominant physical processes at the various timescales.
Copyright American Geophysical Union, 2004, reproduced with their and the authors’ permission.

In constructing a paleomagnetic power spectrum like that in Figure 3 there are a number of challenges. A
basic requirement for spectral analysis is a time series of observations, but there is no single record that
covers the time span of interest. The magnetostratigraphic record appears to be non-stationary with long
term changes in reversal rate, and provides no information about intensity variation on long time scales.
The relative paleointensity records from sediments not only lack an absolute scale, but are usually unevenly
sampled in time so that some stable calibration and interpolation scheme is required before using the standard
analysis techniques. It is likely that some sediments record a smoothed version of the geomagnetic signal
because of low sedimentation rates, while in others it may be necessary to consider the possibility of aliasing.
Non-geomagnetic signals may be inadvertently interpreted as arising from geomagnetic variations with time.

for Encyclopedia of Geomagnetism and Paleomagnetism, July 7, 2005
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Geomagnetic spectrum II
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Classification of variations and pulsations

(Kertz: Einführung in die Geophysik, Bd. II)
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Magnetograms
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Underground geomagnetic observatory at shaft Reiche Zeche, Freiberg
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Diurnal variations
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Registration in the field I

Time series of field components

e(t) : ex(t), ey (t)

b(t) : bx(t), by (t), bz(t)

@t b (Induction coil) or b(t) (Magnetometer)

Registration using data loggers (sampling interval, ADU, ...)
Example: MT with 5 channels, 4 byte data, sampling interval 25 msec
yields 66 MiB raw data each day

Processing: e(t) ! E (!), @t b(t) ! i!B(!) (data reduction!!)

Goal: Forming of impedance Z , sounding curves, magnetic transfer
function (induction arrows)
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Station setup
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Schedule of an MT experiment
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Time series
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Theoretical background

Motivation

Maxwell’s equations

Helmholtz equation

Planes waves

Quasistatic assumption

Impedance
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Geophysical data: How it really works I

r = (x , y , z)>,R = (x , y , 0)>

Describe electrical properties of Earth by m(r). There are two types of
geophysical data:

1 stationary data

2 parameter-dependent data (e.g., time, frequency, spacing).

Stationary data taken as d = d(R), and have a non-unique interpretation.
There is an infinite number of m(r) which may explain the data.

Parameter-dependent data allow for (restricted) unique interpretation. We
may obtain one parameter distribution m(r) which will explain the data
d = d(R, p), where p is a parameter, such as time, spacing, frequency.
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Geophysical data: How it really works II

Measurement at one station: d = d(p) yields vertical sounding for
m = m(z).

Measurement at profile d = d(R, p) yields structural sounding and hence
m = m̄(z) +�m(r). m̄(z) is a global or regional mean parameter
distribution. d(R, p) depends on m(r) in a non-linear form:

The anomalies �d(R, p) = d(R, p) � d̄(p) depend on both �m(r) and
m̄(z).

For small �m(r) ⌧ m̄(z) we can approximate structure by setting
m = m̄ +�m.

When electrical conductivity shows substantial lateral variations, then a
one-dimensional interpretation m(z) is not adequate. 2-D or 3-D modelling
is required.
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Maxwell’s equations I

r⇥h = j +
@d
@t

(+j e) (1)

r⇥ e = �@b
@t

, (2)

r â H~ = j~+ "E~
çH~

j~

r â E~ = à @t@B~
E~

à @t@B~
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Maxwell’s equations II

and

r·b = 0 (3)

r· e = q/" (4)

with q = q(r) as volume charge density. All fields depend on r and t.

q
E~

r á E~ = q="
r á B~ = 0

B~
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Telegraph equation I

With constitutive equations and Ohm’s law

b = µ(r)h (5)

d = "(r)e (6)

j = �(r)e (7)

follows

r⇥ e = �µ
@h
@t

, (8)

and, after eliminating h using

r⇥ r⇥ e = r(r· e) � r2e

finally

r⇥ r⇥ e = �r⇥ (µ
@h
@t

) = �µ�
@e
@t

� µ"
@2e
@t2

= �r2e. (9)
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Telegraph equation II

The telegraph equation for any field f

r2f = µ�
@f
@t

+ µ"
@2f
@t2

, (10)

describes the propagation of an EM wave in a lossy (conductive) medium.
Fourier transform w.r.t. time (f (t) ! F (!)) eliminates @

@t . With time

dependency F ⇠ e
i!t

and angular frequency ! = 2⇡f follows

✓
@2F
@x2

+
@2F
@y2

+
@2F
@z2

◆
= i!µ�F � !2µ"F .

Consider a spatial variation of the form F ⇠ cos ⌫x (i.e. @
@y F ! 0)

Follows equation of EM induction

�⌫2F +
@2F
@z2

= i!µ�F � !2µ"F ,
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Telegraph equation III

and the Helmholtz equation

@2F
@z2

= �2F (11)

with �2 = ⌫2 + i!µ� � !2µ" = ⌫2 + k2 � 2 as complex propagation
constant.
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Discussion I

We recognize:
k = 0,  = 0: Spatial attenuation solely due to horizontal inhomogeneity
of the variation. For ⌫ = 0 we talk about plane waves.
⌫ = 0, k = 0: Pure wave propagation without attenuation described by .
The wavelength is �0 = 2⇡/ = 2⇡/[!(µ")1/2] = c0/f .
⌫ = 0,  = 0: For purely di↵usive fields the Helmholtz equation reads

@2F
@z2

+ k2F = 0

with the complex wavenumber

k = ±
p

�i!µ�,

or alternatively

k =
p

�i
p

!µ� = (1 � i)

r
!µ�

2
.
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Discussion II

Solution F (z) depends on � and !. Solution has form

F (z) = F 0 e
�kz

+ F 1 e
+kz

. (12)

F 0 and F 1 may be understood as fields at the Earth’s surface. Since k is
complex, the attenuation with depth is non-trivial. We split the
exponentials into real and imaginary parts:

e
kz

= e
gz

e
igz

and e
�kz

= e
�gz

e
�igz

with

g =

r
!µ�

2
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Discussion III

and immediately see that exponential with imaginary exponent has
modulus of 1. Hence

���� e
kz

���� = e
<kz

= e
gz

.

We force that F ! 0 for z ! 1 which requires F 1 = 0 in the
homogeneous case.

The term e
�kz

describes a wave travelling in positive z-direction
experiencing an exponential attenuation.
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Elektromagnetische Kartierung

Nachweis und Verfolgung lateraler Inhomogenitäten

Profile etwa senkrecht zum Streichen, besser: quadratisches Netz

Nutzung fester oder beweglicher Quellen
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VLF-Methode
Längstwellensender 15-30 kHz

U-Boot-Navigation

Störungszonenerkundung

GW
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Methodik
Keine eigene Energieanregung erforderlich

Ausnutzung von ortsfesten Sendern mit hoher Sendeleistung (MW)

Weltweiter Empfang

25 Sender bekannt, unterschiedliche Qualität

Frequenztabelle www.abem.se
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Wichtige Sender

Standort Frequenz in kHz
Rhauderfehn (D) 23.4

Rosnay (F) 18.3
20.9
21.7

Skelton (GB) 22.1
Tavolara (I) 20.27
Anthorn (GB) 19.6
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Sender Rugby (GB)

Signalfeldstärke Ez in dB > 1 µV/m (0.5 bzw. 0.25 mV/m)
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Sender
Vertikaler elektrischer Dipol

Ausbreitung zwischen Ionosphäre und Erde

Geführte Welle, Raumwelle

Fernzone: Im Messgebiet homogene Anregung

Ebene Wellen, MT (vgl. Induktionspfeile)

Senderleistung:

P = 7 · 10�13V 2C 2h2e f
4

Für P=1 MW V=100 kV nötig bei C=0.2µF, he=150 m
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Felder
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Ausbreitung
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Induktionsmechanismus
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Zusammenfassung Anomalienbilder
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Beispiel: Störungszonenerkundung

Günstige Azimutrichtung des Senders Tavolara (I)
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2D-Modell
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2D-Modellantwort
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Stromdichteverteilung
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Topographie-E↵ekt

Baranwal et al., JAG, 2011
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Topographie

2-D–Inversionsergebnis für hom. Halbraum + Topographie (b)!
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Topographie

2-D–inversionsergebnis Blockmodell, Top. berücksichtigt (a).
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TURAM (Hedström 1937)

Anregung durch horizontales Kabel, ca. 400 bis 4000 Meter lang

Starkes Primärfeld

Profilverlauf senkrecht dazu

Messung der magnetischen Vertikalkomponente durch zwei identische
Messspulen im Abstand a von 20-50 Metern in Profilrichtung
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Messgrößen

Amplitudenverhältnis des resultierenden Vertikalfeldes Bz1/Bz2

Phasendi↵erenz der Vertikalkomponenten bzgl. des Primärfeldes
(↵2 � ↵1)/a = �↵/a (Gradient)
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Reduced Ratio
Das gemessene Amplitudenverhältnis wird dividiert durch das normale
Amplitudenverhältnis des Primärfeldes an beiden Spulen:

Bz1/Bz2

B0
z1/B

0
z2

=
Bz1 · B0

z2

Bz2 · B0
z1

= R.R.

Vakuumnormalfeld langes Kabel:

B0
z =

µI

2⇡r
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Normalfeld langes Kabel

Das vertikale Magnetfeld über einem homogenen Halbraum beträgt

Bz =
µI

⇡k2y3
�
2ikyK1(iky) � k2y2K0(iky) � 2

�

K0(·), K1(·): Modifizierte Besselfunktionen, k2 = �i!µ�
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Halbraumresponse

Stromdichte in A/m2, Magnetfeld (f=500Hz)
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Bz an Erdoberfläche

0 200 400 600 800 1000
10−14

10−12

10−10

10−8

10−6

r in m

B z in
 T

Bz
0

Bz

Homogener Halbraum � = 0.01 S/m.
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Bz an Erdoberfläche

0 200 400 600 800 1000
10−10

10−9

10−8

10−7

r in m

B z in
 T

Bz
0

Bz

Homogener Halbraum � = 0.0001 S/m.
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Gutleitender Dike

Dike mit � = 0.1 S/m, Hintergrund 0.0001 S/m.
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Response

0 100 200 300 400 500
10−10

10−9

10−8

10−7

r in m

B z in
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0

Bz

Response für z = 0
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Reduced Ratio

0 100 200 300 400 500
0.98

1
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R
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.

Reduced Ratio: Dike mit � = 0.1 S/m, Hintergrund 0.0001 S/m.
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Zweispulensysteme: Methodik

~Generator Messgerät
TX RX

1...100m

z.B. Slingram, MaxMin, EM-34, EM-38, EM-31
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Vereinfachtes Modell zum Verständnis
Induktion in einer elektrisch leitfähigen Drahtschleife

Beschreibung der Felder (primär, sekundär) in Empfängerspule in
Abhängigkeit von Frequenz, Leitfähigkeit etc.

Real- und Imaginärteil des Sekundärfeldes

Oft werden normierte Größen verwendet, z.B. Bz(r)/B0
z (r)
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Prinzip

Transmitter Receiver

Conductor

1 2

3

LPrP

iR

iS

iP

LR

LS

rR

rS

MTR kTR

MTCkTC
MCRkCR

K’

K’’

K
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Primäres Magnetfeld in C

Das primäre magnetische Feld in einem Punkt in der Nähe der
Leiterschleife (Spule 3) ist abhängig vom Strom iP in der Sendespule:

Hp = Kip = KI sin!t

Der Koe�zient K ist von der Geometrie, der Spulenfläche, der
Windungszahl der Senderspule sowie von der Feldausbreitung abhängig.
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Induzierte Spannung

Das primäre Magnetfeld induziert in der Spule 3 eine Spannung, die durch

es = �M
dip
dt

= �!MI cos!t

= !MIp sin(!t � ⇡

2
)

=
�j!MHp

K

angegeben werden kann. Der Koe�zient M = MTC ist die
Gegeninduktivität der Spulen 1 und 3. Die induzierte Spannung ist
gegenüber dem Primärfeld um �⇡/2 bzw. �j (j: imaginäre Einheit,
j =

p
�1) phasenverschoben.

(Inst. f. Geoph.) EM WS 2023/2024 114 / 187



Impedanz

Bei vernachlässigbarem kapazitiven Widerstand kann für die e↵ektive
Impedanz der Spule 2

zs = rs + j!Ls

geschrieben werden, woraus der Stromfluss berechnet werden kann:

is =
es
zs

=
es

rs + j!Ls
.
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Sekundäres Magnetfeld

Das Sekundärfeld, welches von der Schleife C in R erzeugt wird, ist folglich

Hs = K 0 is

= K 0 �j!MHp

K
· 1

rs + j!Ls

=
�K 0MHp(j!rs + !2Ls)

K (r2s + !2L2s )
,

wobei auch hier K 0 eine Konstante ähnlich K ist.
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Gütefaktor
Die Größe

Q :=
!Ls
rs

wird als Gütefaktor bezeichnet. Damit kann ein einfacherer Ausdruck für
das sekundäre Feld in der Nähe der Spule 2 gefunden werden:

Hs = �K 0MHp

KLs
· Q

2 + jQ

1 + Q2
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Primärfeld in RX
Schließlich ist das Primärfeld in der Spule R interessant:

H 0
p = K 00 ip = K 00 Ip sin!t = K 00 Hp

K

Auch hier spielt K 00 die Rolle des oben eingeführten K .
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Amplitudenverhältnis

Zur Abschätzung der induktiven Wirkung der gutleitenden Einlagerung
(Spule 2) auf Spule 3 wird nun das Amplitudenverhältnis von Sekundär–
und Primärfeld gebildet:

����
Hs

H 0
p

���� =
K 0 is
K 00 ip

=
K 0M

K 00 Ls

✓
Q4

(1 + Q2)2
+

Q2

(1 + Q)2

◆1/2

=
K 0M

K 00 Ls

1

(1 + 1/Q2)1/2

Das Verhältnis von K 0M/K 00 Ls ist i.A. sehr klein, daher ist auch Hs/H 0
p

sehr klein (und unabhängig von Q).
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Phasenbeziehung

Die Phasendi↵erenz zwischen Primär– und Sekundärfeld beträgt

�p � �s =

✓
⇡

2
+ arctan

!Ls
rs

◆
=

⇣⇡

2
+ �

⌘
,

wobei

tan� =
!Ls
rs

.

Die Phasenverschiebung von ⇡/2 ist auf die induktive Kopplung zwischen
den Spulen 1 und 2 zurückzuführen. Die zusätzliche Phasenverschiebung �
entsteht ausschließlich aufgrund der elektrischen Eigenschaften des
Untergrundes.
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Phasendiagramm

f fp/2a
H

p

H
r

H
s

H sinf
s

H
c
o
s

f
s

H
s
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Diskussion
Liegt ein guter Leiter im Untergrund vor, dann geht � wegen
Q = !Ls/rs ! 1 gegen ⇡/2, was bedeutet, dass in diesem Fall das
sekundäre Feld um 180o (⇡) gegen das Primärfeld phasenverschoben ist.
Im Falle des schlechten Leiters gilt !Ls/rs ! 0 und � ! 0. Das sekundäre
Feld liegt also 90o hinter dem Primärfeld. Im allgemeinen liegt Hs

zwischen ⇡/2 und ⇡ gegen Hp phasenverschoben.
Die Komponente Hs sin� wird als Realteil oder in-phase-Komponente
bezeichnet. Für die um 90o phasenverschobene Komponente von Hs (i.e.
Hs cos�) sind die Bezeichnungen Imaginärteil, out-of-phase- oder
quadrature-Komponente gebräuchlich.
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Response parameter und Induktionszahl

Der Ausdruck
����
Hs

H 0
p

���� =
K 0M

K 00 Ls

1

(1 + 1/Q2)1/2

hängt neben der Frequenz nur von den Eigenschaften des elektrischen
Leiters im Untergrund ab. Aus diesem Grund nennt man Q den response
parameter der leitfähigen Einlagerung.
Das komplexe Verhältnis

Q2 + jQ

1 + Q2

ist die response function oder Induktionszahl.
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Response function

Stellt man die response function als Funktion des Parameters Q dar, erhält
man zwei Kurven für den Real– bzw. Imaginärteil der Induktionszahl.

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0.1 1 10 100

Imaginärteil

Realteil

Response parameter, Q

Real- undImaginärteil derResponsefunktion
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Diskussion – 1
Ist Q klein, sind auch Real– und Imaginärteil der Funktion klein. Das ist
der Fall des schlechten Leiters. Wächst Q, nimmt der Imaginärteil
schneller zu als der Realteil. Seine Amplitude ist größer als die des
Realteils, solange Q kleiner als 1 ist. Zu größeren Werten von Q hin
nimmt der Imaginärteil ab, der Realteil dagegen strebt einem oberen
Grenzwert – der induktiven Sättigung – zu.
Der in der Empfangsspule hervorgerufene Strom wächst zunächst linear
mit zunehmender Frequenz, bis ein Sättigungse↵ekt eintritt. Die Antwort
des Untergrundes stellt einen Übergang zwischen zwei Extremen dar: den
Niederfrequenz– und Hochfrequenzlimits, welche durch hohen Widerstand
bzw. hohe Leitfähigkeit gekennzeichnet sind.
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Diskussion – 2
Im Widerstandslimit ist der Widerstand der Leiterschleife hoch. Der
induzierte Strom ist so schwach, dass er in der Empfangsspule nur einen
vernachlässigbar kleinen magnetischen Fluss produziert.
Im induktiven Limit ist der sekundäre Fluss so stark, dass er annähernd
dem primären Fluss entspricht. Die Richtung des sekundären Flusses ist
dem primären entgegengesetzt, was zu einer kompletten Auslöschung des
Gesamtflusses führt. Die Folge ist wiederum ein vernachlässigbarer
induzierter Strom in der Empfangsspule.
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Übergangsbereich

Der Übergang zwischen beiden Limits vollzieht sich in einem
Frequenzband um etwa Q = 1. Für eine Leiterschleife der Abmessung l ist
das Verhältnis L/R = Q/! proportional zu �µl2.
Der dimensionslose Responseparameter Q ist damit proportional zu �µ!l2

und entspricht dem Verhältnis l2/�2 zwischen Skalenlänge l und
elektromagnetischer Eindringtiefe �.
Der Responseparamter Q entspricht also einer dimensionslosen
Leitfähigkeit oder Frequenz.
In bestimmten Fällen kann es zweckmäßig sein, die dimensionslose Distanz
l/� zu verwenden. In diesem Fall spricht man von der Induktionszahl B .

(Inst. f. Geoph.) EM WS 2023/2024 127 / 187



Induction number
defined as

B =
r

�
.

May be expressed with k . Note the definition of wave propagation
constant k =

p
�i!µ0�. Other authors use � =

p
+i!µ0�, hence the

various expressions for B in terms of either k or �.
We get

B = r/� =

(
Re(kr) =

q
!µ0�
2 r

Re(�r)

Note that � = ik!
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LIN-System

Low Induction Number: kr ⌧ 1
EM 34: o↵set 10, 20, 40 m, Frequencies 6400, 1600, 400 Hz

(Inst. f. Geoph.) EM WS 2023/2024 129 / 187



Spulenkopplung über homogenem Halbraum

Bekannt: Primärfelder in Luft für VMD, z.B.

Hx =
3mx(z � h)

4⇡r5
(13)

Hy =
3my(z � h)

4⇡r5
(14)

Hz =
3mz(z � h)

4⇡r5
� m

4⇡r3
(15)

Kopplung: Koplanar, Primärfeld = � m
4⇡r3
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Beispiel VMD

Z

Z0
=

In RX induzierte Spannung/Spulenstrom in TX

Z0
=

H

Hp

H

Hp
/ iB2

2
= 1 +

i!µ�r2

4

Homogener Halbraum:

Hz = � m

2⇡k2r5
[(9 + 9ikr � 4k2r2 � ik3r3) e

�ikr � 9]

Hp
z = � m

4⇡r3

Z/Z0 =
2

k2r2
[(9 + 9ikr � 4k2r2 � ik3r3) e

�ikr � 9]
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Spulenkopplungsfunktion
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Anordnungen von TX und RX

TX RX Name
– – HCP
� � VCP
— — VCA
– — PERP
� – NULL
/ / PARALLEL

Kopplung

Eindringtiefe

Response

(Inst. f. Geoph.) EM WS 2023/2024 133 / 187



Tiefenreichweite in m
Unterschied VCP, HCP:

r VCP HCP
10 6-7.5 12 - 15
20 12-15 25-30
40 24-30 50-60
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Orientierung
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Beispiel Erzgang
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Aero-EM
USA, Kanada, Australien, Russland, China, Skandinavien
Ortsfester Transmitter
Mitbewegter Transmitter
Towed Bird
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Marine CSEM

(Scripps)
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Marine CSEM

G44 Constable and Weiss

oceanic lithosphere (Cox, 1981), and first experiments were
carried out in 1979 (Spiess et al., 1980). The relatively high-
frequency energy lost to the MT method at the seafloor is
replaced by a dipolar deep-towed transmitter, and seafloor
receivers measure electric fields as a function of transmitter-
receiver range and frequency. Academic applications of this
method have included the study of the oceanic lithosphere
(e.g., Constable and Cox, 1996), midocean ridges (MacGre-
gor et al., 2001), and seafloor gas hydrates (e.g., Yuan and Ed-
wards, 2000). Early proposals to use the method for petroleum
exploration (e.g., Chave et al., 1991), similar to early MT
efforts, concentrated on relatively shallow water and explo-
ration targets. With the migration of hydrocarbon explo-

~200 A ~1 Hz

Air (resistive)

Seawater (very conductive)

Sediments (conductive)     

Oil, gas, basalt, evaporite (resistive)

Transmitter
Receivers

Several km

MT fields

Figure 1. Conceptual diagram of the marine CSEM method. A deep-towed
transmitter close to the seafloor injects a current of several hundred amps
into the seawater from an electric dipole, creating magnetic and electric
fields that propagate diffusively into the seafloor. Electric dipole receivers
record the seafloor electric fields at various ranges from the transmitter.
When equipped with additional magnetic field sensors, the same receivers
can record magnetotelluric signals.

Transmitter

Receiver

Azimuth
Eø

Azimuthal field

0ο Azimuth
field purely radial
(In-line geometry)

90ο Azimuth
field purely azimuthal
(Broadside geometry)

Radial field
Er

Figure 2. The geometry of CSEM dipole fields. Along the po-
lar axis of the dipole transmitter, the field is purely radial.
Along the equatorial axis, the field is purely azimuthal. At
other azimuths the received fields are a trigononmetric mix
of both modes.

ration into the deeper waters of the continental slopes, marine
CSEM recently has become an important exploration tool for
the hydrocarbon industry (e.g., MacGregor and Sinha, 2000;
Ellingsrud et al., 2002; Eidsmo et al., 2002; Kong et al., 2002;
Johansen et al., 2005).

In this paper we examine the sensitivity of marine EM
methods (mainly CSEM, but we consider also the role of MT)
to thin resistive layers buried in conductive media. This model
represents an oil or gas reservoir in water-saturated sediments,
but the reader is cautioned that it also may represent any thin,
resistive lithological horizon of low porosity such as a volcanic
sill, evaporite, or carbonate.

THE 1D RESPONSE OF A
THIN RESISTIVE LAYER

We have long known that the marine CSEM
method is preferentially sensitive to thin resistive
layers (Constable et al., 1986; Cheesman et al.,
1987), thus making the method possibly useful for
assessing the resistivity of potential drilling tar-
gets (Eidsmo et al., 2002). Electric-field ampli-
tudes and phases can be described in terms of
radial and azimuthal modes with respect to trans-
mitter orientation. Figure 2 defines these geome-
tries. Figure 3 illustrates the sensitivity to thin lay-
ers by plotting the radial and azimuthal response
of a canonical model consisting of a 100-m thick
reservoir buried at a depth of 1000 m in 1 km sea-
water.

Our calculations use the 1D code of Flosadot-
tir and Constable (1996), which combines Ander-
son’s (1989) fast Hankel transform with Chave
and Cox’s (1982) kernel function evaluations, in
this case, using a transmission frequency of 1 Hz.
The amplitude plots show the electric-field mag-
nitudes as a function of transmitter–receiver off-

set for the canonical model, a half-space of 1 !m resistivity
(i.e., sediments without a reservoir layer), and the component
of the received energy that has propagated through the at-
mosphere. The latter, discussed more below, illustrates which
parts of the model and half-space responses are associated
with the seafloor and which parts are associated with the atmo-
sphere. On the phase plots, we show only the response of the
model and half-space; the effect of the atmosphere is clearly
evident as a constant phase of ∼400◦. The dip in amplitude and
phase — as the model and half-space curves intersect the so-
called air-wave curve — presumably results from interaction
at the seafloor of energy with similar magnitude but different
phase from the two propagation paths.

Phase and amplitude respond in similar ways to 1D sub-
seafloor structure and probably to 3D subseafloor structure
as well. That is, part of the model that does not produce an
amplitude response will not produce a phase response and
vice versa. Furthermore, errors in processed in-phase and out-
of-phase components will propagate into both amplitude and
phase estimates. Indeed, timing errors in the transmitter or re-
ceiver will degrade phase data but not amplitudes. However, it
is possible that galvanic distortions associated with resistivity
heterogeneity near the transmitter or receivers will have less
effect on phase than amplitude, as is the case with land MT.

(Constable und Weiss, 2006)
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1. INTRODUCTION

For seabed logging measurements, there can be following basic types of sources: VED, VMD, HED
and HMD. For horizontal antennas, there are two directions: in-line and cross-line. We use ‘-R’ to
represent in-line, and ‘-P’ to represent cross-line. Hence there are six types of sources, i.e., VED,
VMD, HED-R, HED-P, HMD-R, HMD-P. Obviously there are also six types of receiver antennas.
Hence we have 6 ⇤ 6 = 36 source/receiver combinations. In this paper we are going to investigate
which source/receiver combinations are sensitive in detecting the thin hydrocarbon layers.

2. SENSITIVITY TO DETECT HYDROCARBON LAYER BASED ON GUIDE WAVE
ASSUMPTION

We use the following table to show the sensitivity to detect hydrocarbon layer for di�erent source/receiver
combinations, where we use the words ‘strong’ and ‘weak’ to characterize the sensitivity in detect-
ing the existence of a thin oil layer, and use ‘zero’ to mean no field is received for that combination.

Table 1: Sensitivity to detect hydrocarbon layer for di�erent source/receiver combinations.

Receiver Receiver Receiver Receiver Receiver Receiver

VED HED-R HED-P VMD HMD-R HMD-P

Source: VED strong strong 0 0 0 strong

Source: HED-R strong strong 0 0 0 strong

Source: HED-P 0 0 weak weak weak 0

Source: VMD 0 0 weak weak weak 0

Source:HMD-R 0 0 weak weak weak 0

Source:HMD-P strong strong 0 0 0 strong

The above table is based on our assumption that the main field components, which propagate
inside a thin horizontal hydrocarbon layer, are the vertical E field and cross H field, referred to
as the guide wave field components in [1]. Based on this assumption, the in-line HED and VED
sources are considered being sensitive in detecting oil layers, since they can generate the guide wave
fields inside the oil layer. The cross-line HED is not sensitive in detecting oil layers, since it can
not generate the guide wave field components inside the oil layer.

The duality principle states that the fields generated by a magnetic source can be obtained from
the fields generated by an electric source as long as following replacements are made:
E ! H, H ! �E, µ ! ", " ! µ. Hence HMD-R generates the fields as HED-P, and HMD-P
generates the fields as HED-R. And VMD generates the fields that VED doesn’t generate. We have
then derived the results for the magnetic dipole sources shown in the table. In the next section we
will use analytical results to verify the results shown in the table.

(Johnstad et al., 2007)
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Konfiguration
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oceanic lithosphere (Cox, 1981), and first experiments were
carried out in 1979 (Spiess et al., 1980). The relatively high-
frequency energy lost to the MT method at the seafloor is
replaced by a dipolar deep-towed transmitter, and seafloor
receivers measure electric fields as a function of transmitter-
receiver range and frequency. Academic applications of this
method have included the study of the oceanic lithosphere
(e.g., Constable and Cox, 1996), midocean ridges (MacGre-
gor et al., 2001), and seafloor gas hydrates (e.g., Yuan and Ed-
wards, 2000). Early proposals to use the method for petroleum
exploration (e.g., Chave et al., 1991), similar to early MT
efforts, concentrated on relatively shallow water and explo-
ration targets. With the migration of hydrocarbon explo-

~200 A ~1 Hz

Air (resistive)

Seawater (very conductive)

Sediments (conductive)     

Oil, gas, basalt, evaporite (resistive)

Transmitter
Receivers

Several km

MT fields

Figure 1. Conceptual diagram of the marine CSEM method. A deep-towed
transmitter close to the seafloor injects a current of several hundred amps
into the seawater from an electric dipole, creating magnetic and electric
fields that propagate diffusively into the seafloor. Electric dipole receivers
record the seafloor electric fields at various ranges from the transmitter.
When equipped with additional magnetic field sensors, the same receivers
can record magnetotelluric signals.

Transmitter

Receiver

Azimuth
Eø

Azimuthal field

0ο Azimuth
field purely radial
(In-line geometry)

90ο Azimuth
field purely azimuthal
(Broadside geometry)

Radial field
Er

Figure 2. The geometry of CSEM dipole fields. Along the po-
lar axis of the dipole transmitter, the field is purely radial.
Along the equatorial axis, the field is purely azimuthal. At
other azimuths the received fields are a trigononmetric mix
of both modes.

ration into the deeper waters of the continental slopes, marine
CSEM recently has become an important exploration tool for
the hydrocarbon industry (e.g., MacGregor and Sinha, 2000;
Ellingsrud et al., 2002; Eidsmo et al., 2002; Kong et al., 2002;
Johansen et al., 2005).

In this paper we examine the sensitivity of marine EM
methods (mainly CSEM, but we consider also the role of MT)
to thin resistive layers buried in conductive media. This model
represents an oil or gas reservoir in water-saturated sediments,
but the reader is cautioned that it also may represent any thin,
resistive lithological horizon of low porosity such as a volcanic
sill, evaporite, or carbonate.

THE 1D RESPONSE OF A
THIN RESISTIVE LAYER

We have long known that the marine CSEM
method is preferentially sensitive to thin resistive
layers (Constable et al., 1986; Cheesman et al.,
1987), thus making the method possibly useful for
assessing the resistivity of potential drilling tar-
gets (Eidsmo et al., 2002). Electric-field ampli-
tudes and phases can be described in terms of
radial and azimuthal modes with respect to trans-
mitter orientation. Figure 2 defines these geome-
tries. Figure 3 illustrates the sensitivity to thin lay-
ers by plotting the radial and azimuthal response
of a canonical model consisting of a 100-m thick
reservoir buried at a depth of 1000 m in 1 km sea-
water.

Our calculations use the 1D code of Flosadot-
tir and Constable (1996), which combines Ander-
son’s (1989) fast Hankel transform with Chave
and Cox’s (1982) kernel function evaluations, in
this case, using a transmission frequency of 1 Hz.
The amplitude plots show the electric-field mag-
nitudes as a function of transmitter–receiver off-

set for the canonical model, a half-space of 1 !m resistivity
(i.e., sediments without a reservoir layer), and the component
of the received energy that has propagated through the at-
mosphere. The latter, discussed more below, illustrates which
parts of the model and half-space responses are associated
with the seafloor and which parts are associated with the atmo-
sphere. On the phase plots, we show only the response of the
model and half-space; the effect of the atmosphere is clearly
evident as a constant phase of ∼400◦. The dip in amplitude and
phase — as the model and half-space curves intersect the so-
called air-wave curve — presumably results from interaction
at the seafloor of energy with similar magnitude but different
phase from the two propagation paths.

Phase and amplitude respond in similar ways to 1D sub-
seafloor structure and probably to 3D subseafloor structure
as well. That is, part of the model that does not produce an
amplitude response will not produce a phase response and
vice versa. Furthermore, errors in processed in-phase and out-
of-phase components will propagate into both amplitude and
phase estimates. Indeed, timing errors in the transmitter or re-
ceiver will degrade phase data but not amplitudes. However, it
is possible that galvanic distortions associated with resistivity
heterogeneity near the transmitter or receivers will have less
effect on phase than amplitude, as is the case with land MT.
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Clearly, the agreement between one and three dimensions
does not diminish the importance of 3D modeling in data in-
terpretation and experimental design where the target’s lat-
eral extent is important. However, it does show that simple
experimental design considerations such as frequency, range,
and detectability can largely be addressed using 1D codes,
which allow a vastly larger number of models and experimen-
tal parameters to be assessed. Furthermore, comprehensive
studies consisting of many inversion runs of synthetic data are
currently only practical using 1D methodology.

VERTICAL ELECTRIC-FIELD RESPONSE

One exception of 1D modeling to understand the behavior
of the CSEM method is the role of the vertical electric field.
In Figure 5, we plot the vertical electric field generated by a
horizontal dipole transmitter over the disk models. The verti-
cal field responds only to the edge of the disks, while the 5-km
radius disk produces a significant response in the horizontal
fields at a range of about 2500 m. We do not see similar re-
sponse in the vertical fields until we reach a range more than
4000 m and the edge of the structure. Vertical field CSEM data
thus have potential for illuminating the edge of hydrocarbon
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Figure 4. (a) Electric-field amplitude and (b) phase for a buried disk of various di-
ameters. There is no air layer in this model (i. e., the ocean is considered arbitrarily
deep).
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Figure 5. Vertical electric-field amplitude for a buried disk of
various diameters.

structures. Although we have not modeled it, reciprocity sug-
gests that the same effect can be achieved with a vertical trans-
mitter and horizontal field receivers.

PROPAGATION THROUGH THE ATMOSPHERE

We can understand more fully the effect of the atmosphere
on the seafloor CSEM response by separating the compo-
nents of energy that propagate though the seawater/seabed
and the atmosphere (which we call the air wave, for brevity).
We can estimate the double half-space response (seawater and
seabed) or a more complicated model by running the 1D for-
ward code with a large water depth. While this code models
the effect of the air on propagation and could be run a second
time to show the effect of including the air layer, we note that
a good approximation of the amplitude of the radial mode air-
wave is

Eair = e−2h/δ

2πσ r3

where h is water depth, δ =
p

2/σωµo is the skin depth in sea-
water of conductivity σ and permeability µo at frequency ω,
and r is the source-receiver range. This expression is derived

from equation 14 of Bannister (1984), but
could be thought of as skin-depth attenu-
ation up (e−h/δ) and down (e−h/δ) through
the water column, coupled with the 1/r3 ge-
ometric spreading associated with a dipole.
Using this formula, we can demonstrate the
behavior of the air wave independently of
seafloor resistivity.

In Figure 6, we plot separately the con-
tributions to the horizontal electric-field
magnitude from the seafloor and the at-
mosphere for various water depths and
seafloor resistivity. The slope of the prop-
agation through the atmosphere is given
only by the 1/r3 geometric spreading, but
we determine the amplitude by the water
depth, which decreases as the water gets
deeper and the attenuation more severe.

At short ranges the amplitude of the electric field propagat-
ing through the seafloor and seawater is similarly given by the
1/r3 dipole decay and the resistivity of seawater, but at ranges
greater than 1 km, exponential skin-depth attenuation in the
seafloor rocks dominates the curves. A more resistive seafloor
with larger skin depth supports large electric fields to greater
source–receiver ranges.

It can thus be seen that as the seafloor gets more resistive
and the seawater gets deeper, the seafloor signal dominates
the atmosphere signal to longer ranges. At the range at which
the curves cross for a given water depth and seafloor resistiv-
ity, the air wave starts to dominate the signal observed on the
seafloor. Thus, the curves for a 1 %m seafloor and 900-m water
depth cross at a range of 4500 m. Because the seafloor signal
attenuates much more rapidly than the air wave, by the time
this range has doubled the air wave energy is more than 1000
times larger than the seafloor signal. Various schemes have
been proposed to separate the air wave from the seafloor sig-
nal in the vicinity of the crossover (e.g., Røsten and Amund-
sen, 2004). The simplest of these is just to include the air layer

(1-D ohne Luft)
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Probleme

Air wave vs. resisitive layer response

3-D

Amplitude vs. O↵set
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Air wave
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Qm(z | z0) :=
1

iωµ0

am(z0) bm(z)
am(z0)+ bm(z0)

fmb(z)
fmb(z0)

, z ≥ z0. (18)

For z < z0 retain all arguments, but replace feb by fea in eq. (17) and fmb by fma in eq. (18). Moreover, interchange am and bm in the numerator
of eq. (18).

Qe and Qm are continuous with respect to z and z0 and satisfy the reciprocity relations

Qe(z | z0) = Qe(z0 | z), Qm(z | z0) = Qm(z0 | z). (19)

These relations are easily proved by inserting eqs (11) and (13) into eqs (17) and (18) and exploiting the fact that the Wronskians

We(z) := feb(z) f ′
ea(z)− fea(z) f ′

eb(z), (20)

and

Wm(z) := [ fmb(z) f ′
ma(z)− fma(z) f ′

mb(z)]/σ (z), (21)

do not depend on z. This property of the Wronskians, which is used extensively in the present study, is verified by showing that the differential
eqs (10) and (12) imply W ′

e,m(z) = 0.

3 THE A IRWAVE

3.1 The leading term in the electric field

In marine CSEM two propagation paths are important. First, there is the transmission through oceans and sediments and the reflection at
interfaces (including the air–ocean interface), both of which are associated with an exponential decay with horizontal separation r. Secondly
there is the airwave guided at the air–ocean interface, which decays at long distances only ∼1/r 3 and, therefore, is the dominating signal in
the far-field. An example for the occurrence of the airwave is shown and explained in Fig. 3. It is related to the ‘standard model’ of Fig. 1.

This leading term of the airwave with its radial 1/r3-decay is easily expressed in terms of the conductivity structure and the position of
source and receiver. Assume in z < 0 an insulating air half-space and in z > 0 the earth/sea with a 1-D conductivity distribution σ (z) bounded
from below by σ min, that is, σ (z) ≥ σ min > 0. Then for arbitrary transmitter depth z0 ≥ 0 and arbitrary receiver depth z ≥ 0, the leading term

Figure 3. Radial component Er of the electric field, normalized with the current moment p of the electric dipole for various water depths d1. Transmitter and
receiver in in-line configuration are placed at the ocean bottom, z = z0 = d 1. The conductivity below the ocean follows the model of Fig. 1. The frequency is
f = 0.5 Hz. In this log–log plot, the leading term of the airwave with its decay∼ 1/r3 is seen in the linear sections of the far-field. At shallow depth (d 1 = 100
and 400 m) the airwave masks the signal of the resistive layer, which manifests itself for d 1 = 700 m in the curved section between r ≈ 3 and 10 km.

C⃝ 2007 The Author, GJI, 171, 153–176
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Figure 6. Subtraction of the complete airwave E2r defined in eq. (44). In the far-field, the remainder shows to a high approximation an exponential decay with
amplitude and decay length slightly depending on d1. It represents the resistive-layer mode, discussed in detail in Section 4.3. See also the dotted line in Fig. 13.

where K 1(·) is the modified Bessel function of second kind and order one. The assertion immediately follows from the Taylor expansion

Qodd
e (z | z0, κ) =

∞
∑

m=0
Q(2m+1)
e (z | z0, 0)

κ2m+1

(2m + 1)!
(45)

and the two integrals (Gradshteyn & Ryzhik 1980, formulae 6.561.14 and 6.561.16)

lim
ϵ→0+

∫ ∞

0

e−ϵκκ2m+1

(2m + 1)!
J1(κr ) dκ = 2

iπ

∫ ∞

0

(i t)2m+1

(2m + 1)!
K1(tr ) dt =

(−1/2
m

)

1
r 2m+2 . (46)

The justification of eq. (44), based on properties of Qe(z|z0, κ) in the complex κ-domain, is postponed to Section 4.2. For r → 0, completion
E1r is O(1) and E2r is O(1/r 2). Although eq. (43) is the more obvious completion, eq. (44) will turn out to be the more natural one.

If the airwave is strictly understood as the wave guided at the air–ocean interface, then only the unique asymptotic expansion (41) in
powers of 1/r is available. In a wider sense, however, the airwave is sometimes defined as the difference between the observed electromagnetic
signal for finite water depth d1 and the signal for infinite water depth, d 1 = ∞,

E3r (r) := Er (r, d1)− Er (r, ∞). (47)

The airwave in this definition also includes the reflections at the air–ocean interface, which show an exponential decay with separation r.
Moreover,E3r contains contributions from theTM-mode and, therefore, is no longer a pureTE-mode.CompletionE2r(r), inwhich all reflections
are filtered out, is the purest airwave, the mixed completion E1r(r) takes in addition some reflections into account, and all reflections are
considered in E3r(r). The three significantly different definitions of the airwave show an identical far-field behaviour. However, it also turns
out that in the intermediate r-range they differ only slightly.

Fig. 6 shows the data of Fig. 3 after subtracting the complete airwave (44). The remainder is essentially an exponentially decaying wave
representing the response from the resistive layer.

3.3.2 Example: uniform half-space

As the simplest example consider a uniform half-space of conductivity σ . With k2 := iωµ0σ and α2 := κ2 + k2, the kernel Qe and its
decomposition into even and odd part gives

Qe(z | z0, κ) = 1
2α

[

e−α|z−z0| + α − κ

α + κ
e−α(z+z0)

]

, (48)
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Air wave

Air wave: Er ⇠ 1/r3

Resistive layer: Er ⇠ exp(�k(�)z)

Air wave tritt nicht auf bei Messung von Ez
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Praktische Durchführung

Transmitter beweglich

Receiver fix

Zeitreihen

Geschwindigkeit typisch 1.5 Knoten = 46.3 m/min

Zeitfenster 60 s liefert Messpunktabstand von 46.3 m ⇡ 50 m

Fourieranalyse liefert Amplitude für f = 0.1 Hz

Noise floor: 10�15 V/Am2 (E)
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Transient Electromagnetics
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Applikationen

Erkundung guter elektrischer Leiter
Sulfidische Erzlagerstätten
Geothermische Lagerstätten

Untergrundkartierung
Kohlenwassersto↵e
Grundwasserexploration
Kartierung von Kontaminanten
CO2-Sequestrierung (BTEM)
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Grundlagen

Transient field electromagnetic method

Time domain EM

Entwicklungsbeginn Ende 1950er Jahre (USA, UdSSR) als
Oberflächenmethode
Heute auch airborne (SkyTEM, Dänemark)
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Prinzip

Sendeschleife mit Gleichstrom I gespeist

Konstantes Magnetfeld

Abschalten des Stromes führt zum Zusammenbruch des MF

Induktion von Stromsystem, Lenzsche Regel

Sekundäre Magnetfelder werden gemessen
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Erklärungsversuch mittels Leiterschleifenmodell I

Verwenden Größen wie oben im Fall zeitharmonischer Felder, fragen aber
nun nach Sprungfunktionsantwort der Leiterschleife:
Wie groß ist die in C (und damit in R) induzierte Spannung V (t), wenn
das Magnetfeld einer gleichstromdurchflossenen Spule plötzlich
zusammenbricht (hier: plötzlich aufgebaut wird)?

Begri↵e: Induktiver Spannungsabfall, Selbstinduktion

VR = RI (t)

VL = LdI (t)
dt

VC = �M dI (t)
dt
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Erklärungsversuch mittels Leiterschleifenmodell II

Es gilt (Kirchho↵)

VC � VL � VR = 0.

Strom im Transmitter:

I (t) = I0u(t)

Rampenfunktion (endliche Einschaltzeit):

u(t) = 0, t < 0

= t/�t, 0  t  �t,

= 1, t > �t.

VC wird induziert durch zeitliche Änderung des Transmitterstromes

VC (t) = �MTC I0
d

dt
u(t),
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Erklärungsversuch mittels Leiterschleifenmodell III

während

VL(t) + VR(t) = L
d

dt
IC (t) + RIC (t)

durch Stromfluss im Leiter C verursacht werden. Kirchho↵ liefert

R + L

d

dt

�
IC (t) = �MI0

d

dt
u(t).

Vor dem Einschalten des Transmitterstromes ist IC (t) = 0, t < 0.
Für Intervall 0  t  �t erhalten wir Dgl.


R + L

d

dt

�
IC (t) = �MI0

1

�t

mit der Lösung

IC (t) = � MI0
R�t

+ A e
�R

L t .
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Erklärungsversuch mittels Leiterschleifenmodell IV

Kausalitätsforderung für IC bzgl. t = 0 ergibt

A = +
MI0
R�t

,

so dass mit ⌧ = L/R

IC (t) = � MI0
R�t


1 � e

� t
⌧

�
.

Für t ⌧ ⌧ liefert Reihenentwicklung der e-Funktion:

IC (t) = � MI0
R�t

t

⌧

und speziell für t = �t

IC (�t) ⇡ �MI0
L

.
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Erklärungsversuch mittels Leiterschleifenmodell V

Für t > �t ist u(t) = 1 und d
dt u(t) = 0, so dass


R + L

d

dt

�
IC (t) = 0.

Lösung:

IC (t) = B e
� t

⌧

B aus o.g. Bedingung für t = �t, und damit

IC (t) ⇡ �MI0
L

e
� t

⌧ , t > �t.
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Erklärungsversuch mittels Leiterschleifenmodell VI

Spannungen in R verursacht durch T (primär) und C (sekundär):

V P
R (t) = �MTR

d

dt
I0u(t)

= �MTR I0�(t)

V S
R (t) = �MCR

d

dt
IC (t)

IC (t) ⇡ �MTC I0
�t

t

L
� MTC I0

L
e

� t
⌧ .

�(t) = 0, t < 0

=
1

�t
, 0  t  �t

= 0, t > �t.
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Erklärungsversuch mittels Leiterschleifenmodell VII

Zusammenfassend ist

V S
R (t) = +

MTCMCR

L
I0�(t)

| {z }
0t�t

� MTCMCR

L
I0


1

⌧
e

� t
⌧

�

| {z }
t>�t

Bemerkung:

Dem Responseparameter Q = !L/R = 1 entspricht Zeitkonstante des
exponentiellen Abklingens ! = R/L = ⌧.
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Erklärungsversuch mittels Leiterschleifenmodell VIII

!"#$%&'( %$ ! )%*('+ ,- " ./012%0-3 %4+ # .(')"4+%0-3
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Messprinzip

In der praktischen Durchführung lässt sich Strom nicht beliebig schnell
abschalten (Selbstinduktion in Spule). Spannungsmessung bei ganz kurzen
Zeiten nicht möglich.

Rampenzeit ⌧
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Varianten

Oberflächen-TEM (Geonics, Zonge, Phoenix, ...)

Aero-TEM (SkyTEM, Dänemark)

Bohrloch-TEM (Geonics BH-43-3, CDN)

LOTEM (Long O↵set TEM)

TX: Rechteckspule, langes geerdetes Kabel
RX: Induktionsspulen, Elektroden
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TEM47
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Transmitter TEM-47

)T� IS�WELL�KNOWN�THAT� THERE� IS�A� TRADE
OFF�BETWEEN�DEPTH�OF�EXPLORATION�AND�TARGET�DElNITION�
IN� TERMS�OF�CONDUCTIVITY��EXTENT�AND�ORIENTATION��'REATEST�DEPTH� IS�OBTAINED�WITH� LARGE�lXED�
LOOP�4URAM
TYPE�SYSTEMS�WHICH�GENERATE�LARGE�HALF
SPACE�RESPONSES�THAT��ALONG�WITH�CURRENT�
GATHERING��MAKE�TARGET�DETECTION�DIFlCULT��"ETTER�SPATIAL�RESOLUTION�IS�OBTAINED�WITH�A�MOVING�
TRANSMITTER� CONlGURATION�WITH� A� SHORT� INTERCOIL� SPACING�� BUT� IS� LIMITED� TO� A� SHALLOWER� DEPTH�
OF�EXPLORATION��4HESE�VARIATIONS�IN�SURVEY�REQUIREMENTS�MAKE�SYSTEM�mEXIBILITY�AN�IMPORTANT�
DESIGN�CONSIDERATION�

4IME�DOMAIN�SYSTEMS�ARE�ALSO�ROUTINELY�EMPLOYED�FOR�GENERAL�GEOLOGICAL�EXPLORATION��SUCH�AS�
FOR�FRESHWATER�AQUIFERS�IN�BEDROCK�FRACTURES��AND�MAPPING�GROUNDWATER�CONTAMINANT�PLUMES��
%XPLORATION� TO� SHALLOW� DEPTHS�� AS� NECESSARY� IN� THESE� APPLICATIONS�� REQUIRES� A� VERY� WIDE�
BANDWIDTH�AND�MANY�NARROW�SAMPLING�GATES�

2ECOGNITION�OF�SUCH�DIVERSE�REQUIREMENTS�LED�TO�DEVELOPMENT�OF�THE�EXTREMELY�mEXIBLE�02/4%-�
TIME�DOMAIN�SYSTEM��4HE�DIGITAL��THREE
COMPONENT�RECEIVER�IS�USED�WITH�ANY�OF�THE�THREE�4%-�
TRANSMITTERS�AND�CHOICE�OF�RECEIVER�COILS�TO�COVER�ALL�APPLICATIONS��7ITH�TRUE���
BIT�RESOLUTION��AT�
A�SINGLE�GAIN	��SYSTEM�BANDWIDTH�OF�����K(Z��MICROSECOND�SAMPLING�GATES�AND�SIMULTANEOUS�
THREE
COMPONENT��89:	�COMPONENT�MEASUREMENTS��THE�02/4%-�RECEIVER�PROVIDES�THE�ULTIMATE�
IN�TIME�DOMAIN�CAPABILITY�

4HE�02/4%-�2ECEIVER�ENABLES�THE�SELECTION�OF�EITHER����GATES�PER�BASE�FREQUENCY�COVERING�
TWO� DECADES� OF� TIME�� OR� ��� GATES� FOR� A� THREE� DECADE� RANGE�� )F� THREE� DECADES� OF� TIME� ARE�
REQUIRED� TO�COVER� THE�DECAY�� THEN� THIS�SELECTION�SAVES�SWITCHING� FREQUENCIES�AND� REPEATING�
THE�MEASUREMENT�� IF� ONLY� TWO�DECADES�ARE� REQUIRED��USING� THE���
GATE� RANGE� REDUCES� THE�
MEASUREMENT�TIME�BY�A�FACTOR�OF�����

!UTOMATED� MEASUREMENTS� DURING� THE� ON
TIME�� IN� ADDITION� TO� OFF
TIME� MEASUREMENTS�� IS� A�
STANDARD�FEATURE�OF�EVERY�RECEIVER�

4HREE� INTERCHANGEABLE� TRANSMITTERS�
�4%-����4%-��
-+��AND�4%-���
�ARE�USED�WITH� THE�
02/4%-�RECEIVER�AND�THE�APPROPRIATE�RECEIVER�COIL�TO�MAKE�UP�DIFFERENT�02/4%-�SYSTEMS�FOR�
VARIOUS�APPLICATIONS�SUCH�AS�MINERAL�EXPLORATION��STRUCTURAL�MAPPING��RESISTIVITY�SOUNDING�AND�
CONTAMINANT�PLUME�MAPPING�

4HE�4%-��� IS� THE�SMALLEST�AND� LIGHTEST� TRANSMITTER��BATTERY�POWERED��WITH�A�VERY� FAST� TURN

OFF� TIME� TO�ENABLE�MEASUREMENT�OF� THE�NEAR
SURFACE� RESPONSE��4HE�02/4%-���� �INCLUDING�
02/4%-�RECEIVER��4%-���TRANSMITTER	� IS�MOST�OFTEN�USED�FOR�SHALLOW�RESISTIVITY�SOUNDING�OF�
GROUNDWATER�CONTAMINATION��SALINE� INTRUSION�AND�GEOLOGIC�UNITS�� )N� THIS�CONlGURATION��SINGLE�
TURN�TRANSMITTER�LOOPS�FROM���M�UP�TO�����M�ON�A�SIDE��WITH�TURN
OFF�TIMES�AS�SHORT�AS�HALF�A�
MICROSECOND��CAN�BE�USED�TO�GIVE�MAXIMUM�NEAR
SURFACE�RESOLUTION�

4HE�TRANSMITTER�OUTPUT�CURRENT�OF���!�INTO�A�����M�X�����M�LOOP�GIVES�GOOD�RESPONSE�AND�
RESOLUTION�TO�DEPTHS�OF�����M��MAKING�THIS�THE�IDEAL�INSTRUMENT�FOR�RESISTIVITY�SOUNDING�OVER�A�
LARGE�AREA��4HE����GATE��THREE�TIME
DECADE�MEASUREMENT��IS�USUALLY�ENOUGH�TO�COVER�THE�FULL�
DECAY�CURVE�INCLUDING�THE�EARLY�TIME�GATES��WITHOUT�CHANGING�BASE�FREQUENCY�

4HE�4%-���USES�A�REFERENCE�CABLE�TO�ACHIEVE�THE�HIGH�SYNCHRONIZATION�ACCURACY�REQUIRED�FOR�
SHALLOW�SOUNDING��2EGARDLESS�OF�APPLICATION��A�HIGH
FREQUENCY�RECEIVER�COIL�IS�USED�IN�02/4%-�
���SYSTEMS�
�THE�HIGH
FREQUENCY�RECEIVER�COILS�HAVE�THE�BANDWIDTH�NECESSARY�TO�CAPTURE�THE�
EARLIEST�PORTION�OF�THE�TRANSIENT�DECAY�

&OR�GREATER�CONSIDERATION�OF�STRUCTURAL� RESPONSE�WITHIN�COMPLEX�GEOLOGIC�ENVIRONMENTS�� THE�
THREE
COMPONENT�HIGH
FREQUENCY�RECEIVER�COIL�IS�RECOMMENDED�

7HEN�USED� IN�A�02/4%-����SYSTEM� FOR�PROlLING�� THE�4%-���SUPPLIES�����!� TO�AN��
TURN���
�� M� X� �� M� MOVING� TRANSMITTER� LOOP� TO� PROVIDE� A� DIPOLE� MOMENT� OF� ����!M���7ITH� BASE�
FREQUENCY� OF� ��� (Z�� AND� ��� GATES� FROM� ��� «S� TO� ���� MS�� THIS� CONlGURATION� IS� OPTIMAL�
FOR� 3LINGRAM� �HORIZONTAL� LOOP	� SURVEYS� FOR� MINERAL� EXPLORATION� TO� SHALLOW� DEPTHS�� AND� FOR�
GROUNDWATER�EXPLORATION�IN�BEDROCK�FRACTURES���%LECTRICAL�SOUNDING�IS�PERFORMED�SIMULTANEOUSLY�
WITH�THE�SEARCH�FOR�FAULT�OR�DIKE
LIKE�TARGETS�

-%!352%$�15!.4)49� 2ATE�OF�DECAY�OF�INDUCED�MAGNETIC�lELD�ALONG���AXES��� �
� IN�N6�M�

%-�3%.3/2� !IR
CORED�COILS

#(!..%,3� ��CHANNEL�USED�SEQUENTIALLY�FOR���COMPONENTS�OR�OPTIONALLY�
� ��CHANNELS�FOR���COMPONENTS�SIMULTANEOUSLY

4)-%�'!4%3� ���GATES�COVERING���TIME�DECADES��OR����GATES�COVERING��
� ��TIME�DECADES

$9.!-)#�2!.'%� ���BITS������D"	

"!3%�&2%15%.#9� ��������������������������AND�����(Z�OR
� ���������������������������������AND�������(Z

).4%'2!4)/.�4)-%�� �������������������������OR�����S

$)30,!9� ����X����DOT�GRAPHIC�,#$

$!4!�(!.$,).'� 3OLID
STATE�MEMORY�FOR������DATA
SETS��23����OUTPUT

39.#(2/.):!4)/.� 2EFERENCE�CABLE�OR��OPTIONALLY��HIGHLY�STABLE�QUARTZ�� �
� CRYSTAL

0/7%2�3500,9� ���6�RECHARGEABLE�BATTERY�FOR���H�CONTINUOUS�OPERATION

7%)'(4� ���KG

$)-%.3)/.3� ���X����X����CM

#522%.4�7!6%&/2-� "IPOLAR�RECTANGULAR�CURRENT�WITH������DUTY�CYCLE

"!3%�&2%15%.#9� ��������OR�����(Z�WHERE�POWERLINE�FREQUENCY�IS����(Z
� ���� ����� OR� ������ (Z� WHERE� POWERLINE� FREQUENCY� IS� ��� (Z

452.
/&&�4)-%� ���� «S� AT� ��!� INTO� ��� X� ��� M� LOOP�� FASTER� INTO� SMALLER� LOOP

42!.3-)44%2�,//0� ��X���TO�����X�����M�SINGLE�TURN�LOOP��OR���X���M��
TURN�LOOP

/54054�6/,4!'%� ��TO���6��CONTINUOUSLY�VARIABLE

0/7%2�3500,9� )NTERNAL����6�RECHARGEABLE�BATTERY

"!44%29�,)&%� ��H�CONTINUOUS�OPERATION�AT���!�OUTPUT

7%)'(4� ����KG

$)-%.3)/.3� �����X����X����CM

02/4%-�2%#%)6%2 4%-���42!.3-)44%2

02/4%-�4)-%�$/-!).�%-�3934%-3

3PECIlCATIONS

3PECIlCATIONS
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TEM57 MkII
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Transmitter TEM-57MkII

4HE�4%-��
-+��4RANSMITTER�IS�THE�UPGRADED�VERSION�OF�THE�4%-����AND�COMBINED�WITH�THE�
02/4%-�DIGITAL�RECEIVER�ARE�THE�PRINCIPAL�COMPONENTS�OF�THE�02/4%-���
-+��SYSTEM��4HE�
DESIGN�AND�PERFORMANCE�OF�THE�4%-��
-+���WITH� INCREASED�POWER�OF�������7��MAKES�IT�A�
HIGHLY�PORTABLE��POWERFUL��MID
RANGE�TIME�DOMAIN�TRANSMITTER��4HE�INTERNAL�POWER�SUPPLY�HAS�
VARIABLE�VOLTAGE�RANGE�FROM����TO����6�SO�THAT�IT�CAN�BE�PRECISELY�MATCHED�TO�THE�TRANSMITTER�
LOOP� FOR� OPTIMUM� PERFORMANCE��!N� EXTERNAL� BATTERY� SOURCE� INCREASES� PERFORMANCE� TO��
������7�AND�����6�

4HE�4%-��
-+�� IS� THE�PERFECT�MID
RANGE�POWER� TRANSMITTER� FOR�SOUNDING�DEPTH�� THICKNESS�
AND�CONDUCTIVITY�OF�GEOLOGIC� LAYERS�DOWN� TO�����M� FOR�A�WIDE�VARIETY�OF�APPLICATIONS�SUCH�
AS�MAPPING�OF�AQUIFERS�AND�AQUITARDS��WATER�QUALITY�AND�STRATIGRAPHY�� )N�COASTAL�AREAS�� THE�
02/4%-���
-+�� SYSTEM�HAS� DElNED� DEPTH� TO� SALINE� INTRUSION� AS� ACCURATELY� AS� CHEMICAL�
WELL�SAMPLES�

4HE�02/4%-� ��
-+��� WITH� A� SHORT� REFERENCE� CABLE�� PORTABLE� TRANSMITTER� AND� �$� RECEIVER�
COIL��CAN�DELINEATE�COMPLEX�ORE�BODIES�WITHIN�����M�OF�SURFACE���$EEPER�CONDUCTORS�CAN�BE�
CHARACTERIZED�BY�PROlLING�WITH�A�CRYSTAL
SYNCHRONIZED�RECEIVER�AND�A�LARGE��lXED�TRANSMITTER�
LOOP��-ODELLING�PROVIDES�CONDUCTIVITY��THICKNESS��DIP�AND�EXTENT�OF�THE�ORE�BODY�

&OR� MEASUREMENTS� DURING� THE� TURN
OFF� �4�/	� RAMP�� AN� OPTIONAL�4�/� CONTROLLER�� CONNECTED�
EXTERNALLY�TO�THE�TRANSMITTER��CAN�VARIABLY�INCREASE�THE�TURN
OFF�TIME��TYPICALLY�WITHIN�THE�RANGE�
OF����
�����MICROSECONDS�

4HE�4%-���4RANSMITTER�IS�THE�MOST�POWERFUL�OF�THE�CURRENT�02/4%-�TRANSMITTERS��REPLACING�
THE�4%-���OF�THE�PREVIOUS�GENERATION��.OT�ONLY�IS�THE�4%-����������7	�MORE�POWERFUL�THAN�
THE�4%-����������7	��BUT�IT�ALSO�OFFERS�A�DEGREE�OF�mEXIBILITY�NOT�PREVIOUSLY�AVAILABLE�WITH�TIME�
DOMAIN�TRANSMITTERS�

4HE�4%-���IS�COMPRISED�OF�TWO�PRINCIPAL�COMPONENTS��A�COMPLETE�4%-��
-+��TRANSMITTER��
AND�AN�INTEGRAL��BUT�SEPARATE��POWER�MODULE�WITH�A�LARGER��������7	�POWER�GENERATOR��3UCH�
MODULAR�DESIGN�ALLOWS�FOR�EASY�UPGRADE�FROM�THE�4%-��
-+���BY�THE�ADDITION�OF�THE�POWER�
MODULE�AND�LARGER�GENERATOR��!LTERNATIVELY��WHEN�APPLICATIONS�DO�NOT�REQUIRE�THE�FULL�CAPABILITIES�
OF�THE�4%-����THE�MORE�PORTABLE��MID
RANGE�4%-��
-+��CAN�BE�OPERATED�INDEPENDENTLY�

4HE�02/4%-����IS�APPROPRIATE�FOR�DEEP�SOUNDINGS�IN�GROUND�WATER�EXPLORATION��SALINE�INTRUSION�
MAPPING��GEOTHERMAL�EXPLORATION��AND�REGIONAL�GEOLOGICAL�RESEARCH�WHERE�STRUCTURES�AND�LAYER�
INFORMATION�IS�REQUIRED�TO�DEPTHS�OF�������M�OR�MORE�

4HE�02/4%-����SYSTEM�WITH�THE��$�RECEIVER�COIL�IS�THE�IDEAL�TIME�DOMAIN�SYSTEM�FOR�PROlLING�
DEEPLY� BURIED� CONDUCTIVE� ORE� BODIES�� SUCH� AS� MASSIVE� SULPHIDES�� TO� DEPTHS� IN� EXCESS� OF�
����METRES��AND�WITH� THE� THREE
AXIS�"(��
��BOREHOLE�PROBE� FOR� TIME�DOMAIN� LOGGING� TO���
KILOMETRES�

&OR�INCREASED�DEPTH�OF�EXPLORATION��THE�ADDITION�OF�A�SECOND��OPTIONAL�POWER�MODULE��INCREASING�
THE� OUTPUT� VOLTAGE� FROM� ����6� TO� ����6�� CAN� EXTEND� THE� RANGE� OF� MEASUREMENT� FOR� ANY�
APPLICATION�

&OR� MEASUREMENTS� DURING� THE� TURN
OFF� �4�/	� RAMP�� AN� OPTIONAL�4�/� CONTROLLER�� CONNECTED�
EXTERNALLY�TO�THE�TRANSMITTER��CAN�VARIABLY�INCREASE�THE�TURN
OFF�TIME��TYPICALLY�WITHIN�THE�RANGE�
OF����
�����MICROSECONDS�

#522%.4�7!6%&/2-� "IPOLAR�RECTANGULAR�CURRENT�WITH������DUTY�CYCLE

"!3%�&2%15%.#9� ��������OR����(Z��POWERLINE�FREQUENCY����(Z	
� �����������OR����(Z��POWERLINE�FREQUENCY����(Z	� �
� 2ATES�BELOW���(Z�AVAILABLE�FROM�02/4%-�RECEIVER�THROUGH��
� REFERENCE�CABLE

452.
/&&�4)-%� ���TO�����«S��DEPENDING�ON�SIZE��CURRENT�AND�NUMBER�OF�� �
� TURNS�IN�TRANSMITTER�LOOP

42!.3-)44%2�,//0� 3INGLE�TURN��ANY�DIMENSION��MINIMUM�RESISTANCE
� ����OHMS	�UP�TO�����X�����M�
� �
TURN����X���OR����X����M

/54054�#522%.4� ���!�MAXIMUM

/54054�6/,4!'%� ���6�TO����6�CONTINUOUS�CONTROL�WITH�MOTOR�GENERATOR��� �
� UP�TO�����6��������7	�WITH�EXTERNAL�POWER�SUPPLY

39.#(2/.):!4)/.� 2EFERENCE�CABLE�OR��OPTIONALLY��QUARTZ�CRYSTAL

0/7%2�3500,9� ������7����������6��������(Z�SINGLE
PHASE�MOTOR
� �
� GENERATOR�OR��OPTIONALLY�MULTIPLE����6�BATTERIES

42!.3-)44%2�02/4%#4)/.� %LECTRONIC�AND�ELECTROMECHANICAL�PROTECTION

42!.3-)44%2�3):%� ���X����X����CM

42!.3-)44%2�7%)'(4� ���KG

-/4/2�'%.%2!4/2�3):%� ���X����X����CM

-/4/2�'%.%2!4/2�7%)'(4� ���KG

#522%.4�7!6%&/2-� "IPOLAR�RECTANGULAR�CURRENT�WITH������DUTY�CYCLE

"!3%�&2%15%.#9� ������������������OR����(Z��POWERLINE�FREQUENCY����(Z	
� �����������������OR����(Z��POWERLINE�FREQUENCY����(Z	���
� 2ATES�BELOW���(Z�AVAILABLE�FROM�02/4%-�RECEIVER�� �
� THROUGH�REFERENCE�CABLE

452.
/&&�4)-%� ���TO�����«S��DEPENDING�ON�TRANSMITTER�LOOP�SIZE��CURRENT�� �
� AND�NUMBER�OF�TURNS

42!.3-)44%2�,//0� 5P�TO�������X�������M�MAXIMUM

/54054�#522%.4� ���!�MAXIMUM

/54054�6/,4!'%� ���TO�����6�CONTINUOUSLY�ADJUSTABLE

39.#(2/.):!4)/.� 1UARTZ�CRYSTAL�AND�REFERENCE�CABLE

0/7%2�3500,9� ������7����������6��������(Z��SINGLE�PHASE�WITH�� ��
� �H�CONTINUOUS�OPERATION�MOTOR�GENERATOR

42!.3-)44%2�02/4%#4)/.� %LECTRONIC�AND�ELECTROMECHANICAL�PROTECTION

42!.3-)44%2�3):%� ���X����X����CM��4%-��
-+�	�����X����X����CM
� �4%-���0OWER�-ODULE	

42!.3-)44%2�7%)'(4� ���KG��4%-��
-+�	�����KG��4%-���0OWER�-ODULE	

-/4/2�'%.%2!4/2�3):%� ���X����X����CM

-/4/2�'%.%2!4/2�7%)'(4� ���KG

4%-��
-+��42!.3-)44%2 4%-���42!.3-)44%2

02/4%-�4)-%�$/-!).�%-�3934%-3
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Protem Receiver
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Protem Receiver

)T� IS�WELL�KNOWN�THAT� THERE� IS�A� TRADE
OFF�BETWEEN�DEPTH�OF�EXPLORATION�AND�TARGET�DElNITION�
IN� TERMS�OF�CONDUCTIVITY��EXTENT�AND�ORIENTATION��'REATEST�DEPTH� IS�OBTAINED�WITH� LARGE�lXED�
LOOP�4URAM
TYPE�SYSTEMS�WHICH�GENERATE�LARGE�HALF
SPACE�RESPONSES�THAT��ALONG�WITH�CURRENT�
GATHERING��MAKE�TARGET�DETECTION�DIFlCULT��"ETTER�SPATIAL�RESOLUTION�IS�OBTAINED�WITH�A�MOVING�
TRANSMITTER� CONlGURATION�WITH� A� SHORT� INTERCOIL� SPACING�� BUT� IS� LIMITED� TO� A� SHALLOWER� DEPTH�
OF�EXPLORATION��4HESE�VARIATIONS�IN�SURVEY�REQUIREMENTS�MAKE�SYSTEM�mEXIBILITY�AN�IMPORTANT�
DESIGN�CONSIDERATION�

4IME�DOMAIN�SYSTEMS�ARE�ALSO�ROUTINELY�EMPLOYED�FOR�GENERAL�GEOLOGICAL�EXPLORATION��SUCH�AS�
FOR�FRESHWATER�AQUIFERS�IN�BEDROCK�FRACTURES��AND�MAPPING�GROUNDWATER�CONTAMINANT�PLUMES��
%XPLORATION� TO� SHALLOW� DEPTHS�� AS� NECESSARY� IN� THESE� APPLICATIONS�� REQUIRES� A� VERY� WIDE�
BANDWIDTH�AND�MANY�NARROW�SAMPLING�GATES�

2ECOGNITION�OF�SUCH�DIVERSE�REQUIREMENTS�LED�TO�DEVELOPMENT�OF�THE�EXTREMELY�mEXIBLE�02/4%-�
TIME�DOMAIN�SYSTEM��4HE�DIGITAL��THREE
COMPONENT�RECEIVER�IS�USED�WITH�ANY�OF�THE�THREE�4%-�
TRANSMITTERS�AND�CHOICE�OF�RECEIVER�COILS�TO�COVER�ALL�APPLICATIONS��7ITH�TRUE���
BIT�RESOLUTION��AT�
A�SINGLE�GAIN	��SYSTEM�BANDWIDTH�OF�����K(Z��MICROSECOND�SAMPLING�GATES�AND�SIMULTANEOUS�
THREE
COMPONENT��89:	�COMPONENT�MEASUREMENTS��THE�02/4%-�RECEIVER�PROVIDES�THE�ULTIMATE�
IN�TIME�DOMAIN�CAPABILITY�

4HE�02/4%-�2ECEIVER�ENABLES�THE�SELECTION�OF�EITHER����GATES�PER�BASE�FREQUENCY�COVERING�
TWO� DECADES� OF� TIME�� OR� ��� GATES� FOR� A� THREE� DECADE� RANGE�� )F� THREE� DECADES� OF� TIME� ARE�
REQUIRED� TO�COVER� THE�DECAY�� THEN� THIS�SELECTION�SAVES�SWITCHING� FREQUENCIES�AND� REPEATING�
THE�MEASUREMENT�� IF� ONLY� TWO�DECADES�ARE� REQUIRED��USING� THE���
GATE� RANGE� REDUCES� THE�
MEASUREMENT�TIME�BY�A�FACTOR�OF�����

!UTOMATED� MEASUREMENTS� DURING� THE� ON
TIME�� IN� ADDITION� TO� OFF
TIME� MEASUREMENTS�� IS� A�
STANDARD�FEATURE�OF�EVERY�RECEIVER�

4HREE� INTERCHANGEABLE� TRANSMITTERS�
�4%-����4%-��
-+��AND�4%-���
�ARE�USED�WITH� THE�
02/4%-�RECEIVER�AND�THE�APPROPRIATE�RECEIVER�COIL�TO�MAKE�UP�DIFFERENT�02/4%-�SYSTEMS�FOR�
VARIOUS�APPLICATIONS�SUCH�AS�MINERAL�EXPLORATION��STRUCTURAL�MAPPING��RESISTIVITY�SOUNDING�AND�
CONTAMINANT�PLUME�MAPPING�

4HE�4%-��� IS� THE�SMALLEST�AND� LIGHTEST� TRANSMITTER��BATTERY�POWERED��WITH�A�VERY� FAST� TURN

OFF� TIME� TO�ENABLE�MEASUREMENT�OF� THE�NEAR
SURFACE� RESPONSE��4HE�02/4%-���� �INCLUDING�
02/4%-�RECEIVER��4%-���TRANSMITTER	� IS�MOST�OFTEN�USED�FOR�SHALLOW�RESISTIVITY�SOUNDING�OF�
GROUNDWATER�CONTAMINATION��SALINE� INTRUSION�AND�GEOLOGIC�UNITS�� )N� THIS�CONlGURATION��SINGLE�
TURN�TRANSMITTER�LOOPS�FROM���M�UP�TO�����M�ON�A�SIDE��WITH�TURN
OFF�TIMES�AS�SHORT�AS�HALF�A�
MICROSECOND��CAN�BE�USED�TO�GIVE�MAXIMUM�NEAR
SURFACE�RESOLUTION�

4HE�TRANSMITTER�OUTPUT�CURRENT�OF���!�INTO�A�����M�X�����M�LOOP�GIVES�GOOD�RESPONSE�AND�
RESOLUTION�TO�DEPTHS�OF�����M��MAKING�THIS�THE�IDEAL�INSTRUMENT�FOR�RESISTIVITY�SOUNDING�OVER�A�
LARGE�AREA��4HE����GATE��THREE�TIME
DECADE�MEASUREMENT��IS�USUALLY�ENOUGH�TO�COVER�THE�FULL�
DECAY�CURVE�INCLUDING�THE�EARLY�TIME�GATES��WITHOUT�CHANGING�BASE�FREQUENCY�

4HE�4%-���USES�A�REFERENCE�CABLE�TO�ACHIEVE�THE�HIGH�SYNCHRONIZATION�ACCURACY�REQUIRED�FOR�
SHALLOW�SOUNDING��2EGARDLESS�OF�APPLICATION��A�HIGH
FREQUENCY�RECEIVER�COIL�IS�USED�IN�02/4%-�
���SYSTEMS�
�THE�HIGH
FREQUENCY�RECEIVER�COILS�HAVE�THE�BANDWIDTH�NECESSARY�TO�CAPTURE�THE�
EARLIEST�PORTION�OF�THE�TRANSIENT�DECAY�

&OR�GREATER�CONSIDERATION�OF�STRUCTURAL� RESPONSE�WITHIN�COMPLEX�GEOLOGIC�ENVIRONMENTS�� THE�
THREE
COMPONENT�HIGH
FREQUENCY�RECEIVER�COIL�IS�RECOMMENDED�

7HEN�USED� IN�A�02/4%-����SYSTEM� FOR�PROlLING�� THE�4%-���SUPPLIES�����!� TO�AN��
TURN���
�� M� X� �� M� MOVING� TRANSMITTER� LOOP� TO� PROVIDE� A� DIPOLE� MOMENT� OF� ����!M���7ITH� BASE�
FREQUENCY� OF� ��� (Z�� AND� ��� GATES� FROM� ��� «S� TO� ���� MS�� THIS� CONlGURATION� IS� OPTIMAL�
FOR� 3LINGRAM� �HORIZONTAL� LOOP	� SURVEYS� FOR� MINERAL� EXPLORATION� TO� SHALLOW� DEPTHS�� AND� FOR�
GROUNDWATER�EXPLORATION�IN�BEDROCK�FRACTURES���%LECTRICAL�SOUNDING�IS�PERFORMED�SIMULTANEOUSLY�
WITH�THE�SEARCH�FOR�FAULT�OR�DIKE
LIKE�TARGETS�

-%!352%$�15!.4)49� 2ATE�OF�DECAY�OF�INDUCED�MAGNETIC�lELD�ALONG���AXES��� �
� IN�N6�M�

%-�3%.3/2� !IR
CORED�COILS

#(!..%,3� ��CHANNEL�USED�SEQUENTIALLY�FOR���COMPONENTS�OR�OPTIONALLY�
� ��CHANNELS�FOR���COMPONENTS�SIMULTANEOUSLY

4)-%�'!4%3� ���GATES�COVERING���TIME�DECADES��OR����GATES�COVERING��
� ��TIME�DECADES

$9.!-)#�2!.'%� ���BITS������D"	

"!3%�&2%15%.#9� ��������������������������AND�����(Z�OR
� ���������������������������������AND�������(Z

).4%'2!4)/.�4)-%�� �������������������������OR�����S

$)30,!9� ����X����DOT�GRAPHIC�,#$

$!4!�(!.$,).'� 3OLID
STATE�MEMORY�FOR������DATA
SETS��23����OUTPUT

39.#(2/.):!4)/.� 2EFERENCE�CABLE�OR��OPTIONALLY��HIGHLY�STABLE�QUARTZ�� �
� CRYSTAL

0/7%2�3500,9� ���6�RECHARGEABLE�BATTERY�FOR���H�CONTINUOUS�OPERATION

7%)'(4� ���KG

$)-%.3)/.3� ���X����X����CM

#522%.4�7!6%&/2-� "IPOLAR�RECTANGULAR�CURRENT�WITH������DUTY�CYCLE

"!3%�&2%15%.#9� ��������OR�����(Z�WHERE�POWERLINE�FREQUENCY�IS����(Z
� ���� ����� OR� ������ (Z� WHERE� POWERLINE� FREQUENCY� IS� ��� (Z

452.
/&&�4)-%� ���� «S� AT� ��!� INTO� ��� X� ��� M� LOOP�� FASTER� INTO� SMALLER� LOOP

42!.3-)44%2�,//0� ��X���TO�����X�����M�SINGLE�TURN�LOOP��OR���X���M��
TURN�LOOP

/54054�6/,4!'%� ��TO���6��CONTINUOUSLY�VARIABLE

0/7%2�3500,9� )NTERNAL����6�RECHARGEABLE�BATTERY

"!44%29�,)&%� ��H�CONTINUOUS�OPERATION�AT���!�OUTPUT

7%)'(4� ����KG

$)-%.3)/.3� �����X����X����CM

02/4%-�2%#%)6%2 4%-���42!.3-)44%2

02/4%-�4)-%�$/-!).�%-�3934%-3
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Vorteile
Simultane Multifrequenzmessung: Sondierung

Nicht raumgreifend wie Schlumberger-Sondierung

Messzeit kürzer als MT

Messung in Abwesenheit des Primärfeldes
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Nachteile
Empfänger breitbandig: Rauschen

Filterung schwierig

Stapelung nötig
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Wichtige Begri↵e

Stepresponse (Sprungfunktionsantwort)

Impulsresponse (Impulsantwort)

Beziehung zwischen beiden über FT

Impulsresponse: @tb

Stepresponse: e, b
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Beziehung zwischen Stepresponse und Impulsresponse

Quellstromdichte j e(r , t) abhängig von Spulenstrom I (t).

Stromfunktion ist entscheidend für Einordnung der EM-Verfahren:

Zeitharmonisch Frequenzbereichs-EM

Impuls- oder rechteckförmig Zeitbereichs-EM

Zeitharmonisch

I (t) =
1

2⇡

1̂

�1

I0 e
i!t

d!

Impuls, Rechteck

I (t) = I0�(t)

I (t) = I0H(t)
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Lineare Systeme I

Impulsantwort h(t)

Ausgangssignal eines Systems, bei dem am Eingang ein Dirac-Impuls
zugeführt wird.

Sprungfunktionsantwort g(t)

In der Praxis werden Systeme häufig mit der Sprungfunktion angeregt und
die Sprungfunktionsantwort gemessen, die das Übertragungsverhalten eines
Systems ebenfalls vollständig beschreibt. Dadurch vermeidet man, einen
Dirac-Impuls mit guter Näherung erzeugen zu müssen, wofür das
Eingangssignal kurzzeitig einen sehr hohen Wert annehmen müsste.

Zusammenhang zwischen beiden

Es gilt h(t) = ġ(t).
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Lineare Systeme II

�(t)

u(t)

h(t)

g(t)
x(t) y(t)z(t)

Allgemeiner Zusammenhang: y(t) = z(t) ⇤ x(t) Faltung.
Nach F-Trafo bzgl. t: Y (!) = Z (!) · X (!) Multiplikation.
Übertragungsfunktion: Z (!) = Y (!)/X (!) Division.

Spektrum des Dirac-Impulses: F(�(t)) = 1
Impulsantwort: Z �(!) = F(h(t)).
Sprungfunktionsantwort: Zu(!) = F(g(t)).
u(⌧) =

´ ⌧
�1 �(t) dt

Zu(!) = Z �(!)(i!)�1, Z �(!) = i!Zu(!).
Sprungfunktionsantwort im Zeitbereich:
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Lineare Systeme III

g(t) = F�1(Zu(!)) = F�1(Z �(!)(i!)�1).
Z � aus Frequenzbereichsantwort (zeitharmonisch) zu berechnen. Daraus
inverse Fouriertrafo (mit 1/(i!) multipliziert).

Ausschaltvorgang:

go↵(t) = g(1) � g(t)
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Prinzip
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Prinzip der ”Smoke Rings”
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Animationen

1-D: Geschichteter Halbraum

3-D: Homogener Vollraum
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Anordnungen
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Darstellung der Messergebnisse

Messgröße: Transientes Signal = @tbz über Zeit
Häufig Normierung auf Dipolmoment, z.B. V /(Am2)
Asymptotik: Late-Time bzw. Early-Time
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Modellstudie
Anordnung HCP, h = 0 m

Hom. Halbraum ⇢ = 100 ⌦·m
r = 25 m
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Magnetfeld
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Spannung
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Asymptotik

hEz =
�m

4⇡r3

✓
1 � 18t

�µ0r2

◆

hLz =
m
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⇣�µ0

⇡t

⌘3/2

@th
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9m

2⇡�µ0r5
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L
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Scheinbarer spez. Widerstand aus Late-Time-Asymptotik

⇢La =
µ0

⇡

⇣ m

20t2

⌘3/2
(�@thz)

�2/3
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⇢La für 10-⌦·m-Halbraum

10−6 10−5 10−4 10−3
101

102

103

ρ a in
 Ω
⋅m

t in s
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Konsequenz

Sondierungskurven komplizierter als Schlumberger

⇢a für visuelle Auswertung nicht geeignet

Rohdaten
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