3. Electromagnetic

3.1 In

methods
roduction

* The e

ecfromagnetic technigques have the

broadest range of different insfrumental
systems.

* They can be classified as either time domain
(TEM) of frequency domain (FEM) systems.

FEM.
TEM:

use one or more frequencies
Measurements as a function of time



Active and passive

methods

* EM methods can be either passive, utilizing
natural ground signals (e.g. magnetotellurics) or
active, where an arfificial fransmitter is used
either in the near field (as in grounad
conductivity meters) or in the far field (using
remote high powered military and civil radio
tfransmitters as in the case of VLF and RMT
methods).

* The aim of the measurements is the same as in
DC-geoelectrics.
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Determination of resistivity as

a function of depth or a

function of profile distance. .



Advantage of EM-methods

* The main advantage of the EM-methods is that
they do not require direct contact with the

ground as in tThe case of DC-elecftrical methods.
Therefore the EM-measurements can e carried
out in a faster way than the DC-measurements.

* The range of EM applications is large. It is
dependent upon the type of equipment but
can be caftegorized as listed in the table.



Table: The range of applications

for EM-surveying (independent of
iINnstrument type)

Mineral exploration

Mineral resource evaluation
Groundwater surveys

Mapping confaminant plumes
Geothermal resource investigations
Contaminated land mapping
_andfill surveys

Detection of geological and artificial cavities
_.ocdation of geological faults, efc.
Geological mapping

Permafrost mapping, etc.




3.

2 Principles of EM

surveying

* Electromagnetic (EM) methods make use of the
response of the ground to the propagation of the
electromagnetic fields which are composed of
alternating electric infensity and magnetic force.

* An elect
four vect
E ist

D ist

H ist

B ist

romagnetic field may e defined in ferms of
‘or functions E, D, H and B, where:

ne electrical field in V/m.
ne dielectric displacement in Coulomb/m?2.
Nne magnetic field intensity in A/m.

Nne magnetic induction in Tesla.



Maxwell's equations:

Faraday's law

Experimental evidence shows that all electro-
magnetic phenomena obey the following four
Maxwell equations.

rotE=—-0B/ot @3.1)

E(z) Faraday's law. It
/\A | Bz} shows us how a

e ,\,/’),/" % time varying

magnetic field

K %
\/ Fig. 3: Electric field produces an
. 3: Electric fie -
/ generated by a time electrical
varying magnetic field,  VolTage.

/



Maxwell's equations:

Ampere's law

rotH=]J+0D/ot (3.2)

Ampere's l[aw. I shows us how an electric
current and/or a time varying electric field
generoTeS a magnetic field.

dD Fig. 4: Magnetic field
J+ 5=
r\‘/”’ It generated by a time

/”\? ) varying electric field.
el |



Maxwell's Equations

divB=0 (3.3)

It infers tThat lines of magnetic induction are
continuous and there are no single magnetic
poles.

divD=q (3.4)

It infers that electrical fields can begin and end
on electrical charges.



Subsidiary equations and

wave equation

By using the following subsidiary equations,

D=cE B=uH J=0E

where J = electrical current density in A/m?

g = electric charge in Coulomb/m3

e = electrical permittivitly

H nmagnetic permeability

o = electrical conductivity
and the four Maxwell eguations the electro-
mMmagnetic wave equation can be derived. such
waves, with low attenuafion and their
relationship are shown in the following figure. g



Fig. 5: The electric and magnetic vectors in an
electromagnetic wave are perpendicular fo each ofther

and to the direction of propagation X. =



EM waves and Geophysics

An electromagnetic field can be generated by passing
an dlternating current through a small core made up of
many turns of wire or through a large loop of wire.

For geophysical applications, frequencies of the primary

alternating field are usually less Than a few thousand
Hertz.

The wavelength of the primary wave is of the order of

10-100 km, while the source receiver separation is much
smaller.

> The propagation of the primary wave and associated
wave attenuation can pbe disregarded.

12



Al Region of measwement. Lrttle phase

/rerardanun and absarption
i HI

Fig. 6: The physical separation of a transmifter (Ix) and @
receiver is very small in relation to the wavelength of
the EM waves with frequencies greater than 3 kHz.
Consequently, attenuation due to wave propagation
can be ignored. !
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A fransmitter coil can be used to generate the
primary electromagnetic field which propagates
above and below the ground.

Fig. 7
- T imary EM field [ -
‘ Tmn&mmerﬂ&w ALl N Receiver _]I GenerOI
i' - - H :
\ Surface plrlanrlple of
Z%ﬁ?f%%:l%*?ﬁ%ﬁ%/ﬁ%% 00000 eng rrwc;_’ric
Moditied Eddy >econcary surveying. 2
pr;_ml‘?j”!" currents field ying
e

Conductor
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Primnary and secondary

fields

Where the subsurface is homogeneous there Is
no difference between the fields propagatead
above the surface and through the grounad
(only slight reduction in amplitude).

If a conductive anomaly is present, the
magnetic component of the incident EM wave
iInduces alternating currents (Eddy currents)
within The conductor.

The eddy currents generate their own secondary

EM-field which fravels to the receiver.
15



T

Primnary and secondary

fields

Ne receliver also detects the primary field which

travels Through the air.

Ne receliver responds then To the resultfant of the

arriving primary and secondary fields.

Conseqguently, the measured response will differ in
both phase and amplitfude relative to the
unmodulated primary field.

T

hese differences between the fransmitted and

received electromagnetic fields reveadl the
presence of the conductor and provide information
on its geometry and electrical properties. 16



3.3 Depth of penetration of

electromagnetic fields

* The depth of penetration of an electromagnetic field
depends upon its FREQUENCY and the ELECTRICAL
CONDUCTIVITY of the medium.

The amp
depth. T
depth re

ITude of EM fields decreases exponentially with
ne amplitude of EM-radiation as a function of

ative to its original amplitude A, is given by

A=A e".
* The depth of penetration can be defined as tThe depth

at which

the amplitude A, is decreased by the factor e

compared with its surface amplitude. Penetration depth
dis given by

d[m|=503+p[Q2m]/f[Hz]. 17




Example: Depth of

penetfration

f=100m t=10Hz—d=503m
f=100Hz—d=159m
f=1000Hz—d=50.3m

18



3.4 Principle of Slingram

method

magnetic field B,(t)
of the transmitter = AUL(1)

_J_ magnetic field B (t) of the

| current system I,{t) = .';.Usl_"t}

[ alte: nating current e
1,(t) with =2r/T »| Induzed veltage |
(angular frequency) . _@UE{tl + AU (1)
Y 7

| condustive ground

(t) eddy currents induced
in the ground

Fig. 83 S0 0 NN
19



Principle of Slingram

method

AU (1): induced
voltage In receiver

Ip(’r) creates

A magnetic | P "
field Bp(’r) (law of induction)
eddy currents [, (1)
iINn The ground
Y
magnetic field B (1)
(dependent on v (aw of induction)
conductivity

distibution in | A Ys(M: Induced voltage In receiver

the ground) 20



3.4.1 Signal decomposition

Induced currents and the associated secondary
magnetic fields differ in phase from the primary
fleld, and detected signals can therefore be
resolved info components which are in phase
and 90° out of phase with the primary field.

INn phase components sometimes termed as real,
Qs opposed o Imaginary, guadrature or simply
out of phase.

2]
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Signal decomposition

measured signal at recelver:
AU (t) + AU (t)

7

can be eliminated

'

result: - amplifude of the 0°-phase and
90°-phase of AU ()

- phase shift of AU (1) relative
fo AU,

23
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3.4.2 The Slingram anomaly

No anomaly is defected by a horizontal
receiving coll immediately above the body
because the secondary field there is horizontal.

Similarly there will be zero anomaly when the
transmitter coll is vertical above the body
because no significant eddy currents will be
induced.

The greatest (negative) secondary field values
will be observed when the conductor lies mid-
way between the two coills.

29



Fig. 11: Principle of
airborne
electromagnetic
surveying. The
system shown
deployed is of the
tfowed-bird type.!
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Fig. 12: (A) Eurocopter AS350B towing
‘hree instrument pods. They are from
‘he top 2-channel VLF-EM, total-field
cesium magnetfometer, and a 5-
frequency electromagnetic induction
system. (B) Cessna 404 fixed wing
aircraft with a total field magneto-
meter mounted in a tail stinger.!




3.4.4 Case histories
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3.4.5 Ground conductivity meters

(measurements at low induction
nuMmibper)

The instruments (manufactured by Geonics Ltd.)
provides a direct reading of the quadrature as
the apparent conductivity in mS/m.

The secondary EM field 12.5400 m
measured in a mobile - " -
fransmitter receiver system T @
IS generally a complex 1 Refsrance |
function of the coil spacing -~ ™ p—

s, The operafing frequency rig. 15: Moving dual-coil EM
f and conductivity of the  system:; circles indicate the

subsurface o transmitter (Tx) and
receiver (Rx) coils.! 30



Ground conductivity meters

The ratio of the intercoil spacing (s) divided by the
skin depth is known as the induction number B.

Where the induction number is less than one, then
the ration of the secondary to the primary of
magnetic fields af the receiver is directly
proportional 1o apparent conductivity.

The ratio of the secondary (H,) to primary (Hp)

magnetic fields at the receiver at low induction
numbers (B<<1) is given by

: 2
HJ/H =iwu,s"/4 21



Ground conductivity meters

The measuring system is designed to ensure that
with the selected frequency f, for a given infer-
coll separation (s), a designed response of H, for

a given transmifter, the only unknowns H, which
IS measured by the instrument
Ua=(4/uowsz)(HS/Hp)q

where the subscript g denotes the quadrature
phase.

32



Two devices:

EM31 and EM 34-3

EM 31:
3.7 m coll spacing f=9.8 kHz

EM 34-3:

10 m coll spacing f=6.4 kHz
20 m coil spacing f=1.6 kHz
30 m coll spacing f=0.4 kHz

Flg 16 33




3.4.5.1 Case histories

Electromagnetic mapping

A mS/m)

201 sand body
1~ < ’ f%_
10 -
] ~
-l 1 * I-&
100 200 300 [m]

Fig. 17: Mapping lateral changes of the near-surface
geology with electromagnetic methods. A sand body
causes a decrease in conductivity. 34



| Fig. 18: Confours of
apparent conductivity for
EM34 measurements with
an inftercoill spacing of
10m at two waste sites in

| Belgium. ®

electromagnaetic profile (S=10m)

isoline of apparent conductivity (mS/m)

delimitation of waste disposal site

EM
electromagnetic profile for which measurements
with S=10m, S=20m and S=40m have been
compared 3 5
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3.5 The Very Low

Frequency (VLF) method

Slingram and ground conductivity meters are
near field methods. VLF technigue is a far field
method.

The source of the VLF method is electro-
magnetic radiation generated in the low-
frequency band of 15-25 kHz by the powerful
radio tfransmitters used in long-range
communication and navigational systems.

There are more than a score of stations around
the world transmitting VLF signals contfinuously
for military purposes. 37/



S &) v 7 @ =3 —]
b% %}21}“\/ EH%’%@? A )
w-‘ { *."'“'-1_r - = | ?,f,: iy
B( N e | 5/}:1{;5[ e b
TS 24 08 | Mot qoong | 5| wor
e \ Kol | B ;@ﬁ? b AT o,
, M ~o 1 \ooF A
vl N AR
| 05 qu;’f{] ™ ..H_L”*, —+— | R_g'ﬁ’_? o o
i | “‘j 7 | Q /g B "’3” ﬁ
I s " w
! : N ML
| | | H[;\I'\Eﬁ | | | ﬁtf | J (?h
‘ : gl \é _ oLy ! : | I
i1m= i i1z::'- ' {H Lo i : LN ;—ﬁwf"in_%‘;ﬁ‘“\

Fig. 20: Major VLF transmitters. Data blocks identify
station codes (e.g. NAA), frequencies in kHz and power
IN megawatts. Frequencies and powers are liable to
change without much notification. ¢ 38



The Very Low

Freguency (VLF) method

Signal level contours for two of the major VLF-
tfransmitters are shown in the following figure.

Areas enclosed with the 54 dB contours have
good signal strengths while those with 48 dB
confours have marginal signal strength.

Areas leff unshaded have signal sfrength too
weak for the method.

39



Signal level contours for VLF fransmitters at (A)

GBR, Rugby, UK and (B) NOAA, Cutler, USA.T

Fig. 21

40



Wave propagation at VLF

frequencies

Waves at VLF frequencies propagate efficiently
over long distances in the wave guide formed
by the ground surface and the ionosphere.

/ lenosphere SUCH signals may

be used for
surveying up to
distances of
several thousand
: kilometers from
Transmitter Receiver the fransmitter.

Fig. 22 4]



At large distances from the source the EM-field is
essentially planar and horizontal.

- - - ll'-.\.'.‘l
——— ..."r'. :H""H. e,
Kagnotic e . " [hrectinn
et o N

VLF field

oropagation

Fig. 23: Principle of VLF method. Dashed lines show a
tabular conductor striking towards the anfenna which is cut
by the magnetic vector of the EM field.2 42



Electric and magnetic field

The electric component E lies in a vertical plane
and the magnetic component H lies at right
angles o the direction of propagatfion in a
horizontal plane.

A conductor that strikes in the direction of the
tfransmitter is cut by the magnetic vector and
the induced currents produce a secondary
magnetic field

43



Fig. 24: Magneftic
component
anomaly over a
vertical con-
ducting sheet
striking fowards

E = '
H | o the fransmitter.
Secondery [~ =223 , o <=yt NOte the need of
: TN s ;
Dip angla PETR / i ey a Slgﬂ

convention.®

Secondary field
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Fig. 25: VLF magnetic field anomalies af the margins of an
extended conductor.®

45



Field equipment

The field equipment is small and light,
conventionally operated by one person.

There Is no need for a fransmitter.

Disadvantages: For a particular survey aread
there may be no suitable fransmitter producing
A magnetic vector across the strike. Penetration
depth is somewhat less than Slingram methods.

46



3.9.1 Case histories

=
~ X - LT . . = a g =
= - o = . 8 of

Car-borne VLF measurements. ° A7

Fig. 26:



10

productive
drill
{780 1)

‘Etiafelhagen, pers. Lomm,, 1998)
i 50 100 150 200 250

Fig. 27: VLF data (out of phase component) on a profile for
groundwater exploration in Niger. The frequency used was
18.3 kHz. Borehole locations are also marked. ° 48
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3.6 The radiomagneto-

telluric method (RMT)

The RMT fechnigue uses as fransmitters military and
civilian radio stations broadcasting in a frequency
range between 10 kHz and 1 MHz.

The electromagnetic waves radiated from these
tfransmitters into the conductive earth induce
current systems which are connected with
electrical and magnetic alfernating fields.

The magnetic field can be measured by a coil (0.4
M diameter) and the electric field by two
grounded electrodes. The distance between fwo
electrodes can be chosen as 1 or 5 m. 50
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Fig. 29: Schematic diagram illustrating a RMT field
setup over a hazardous waste site. ° ol



The measuring device

only weighs 7 kg and
~about 3 minutes are are
# required for measuring
i four frequencies af one
station.

SR Fig. 30: RMT in the field. 52



Apparent resistivity

and phase dafo

For the selected frequencies apparent resistivity and phase
data can be derived from the measured electric and
magnetic field.

p,(f) L

3 S(EX/HY)
; 21, t

% (E,/H,)

1

¢(f)=tan”

y

Plot apparent resistivity and phase as a function of frequency.
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l _-' 1. layer 45+eeee®
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low frequencies high frequencies Fig. 31
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Interpretation of phase

¢ > 45°

¢ < 45°

¢ = 45°

z [m]

z [m]

z [m]

poor conductor p,

good conductor p:

good conductor P,

poor conductor p.

homogeneoues
halfspace

P~ Pa

P < P

Fig. 32
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Resistivity (ohm-m)
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W {] 30 61) N) 120 |50 I 5 E
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Fig. 34: Apparent
resistivity dafa on
profile @5 N for 3
frequencies af the
Cologne waste
site. The laferal
pboundaries at
profile meter 30
and 130 coincide
with the drilling
results (...). The
fransmifters are
located in EW-
direction.®
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2D-Joint-Inversion, Brauweiler, y=95m

x[m]
0 50 100 150 Pl m]

170

150

130

110

Fig. 35: 2D inversion result for profile 95N at the Cologne
waste site which is characterized by low resistivities (<30 £2m)
between profile 30 and 120. The deeper low resistive

structure indicates the clay layer.®
57
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Fig. 37: A 2D conductivity model derived fromm RMT dafa
observed on a profile at a contaminated site near the
International Airport Strasbourg. The resistive layer at 9m
depth may be interpreted as a contaminated zone in the

sandy layer. °
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SURVEY AREA
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Fig. 38: Survey layout atf the Idaho National Engineering

Laboratory Cold Test Pit. °
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2D-Inversion profile 7.55

profile[feet]
40 30 20 -10 0 10 20 30 40 50 &0 70 80
I I

pls2 m]
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110
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Fig. 40: A 2D conductivity model obtained from the RMT
profile along 7.5S at the Idaho National Engineering
Laboratory Cold Test Pit. 62



3./ Ground Penetrating

Radar (GPR)

GPR is a technique of imaging the subsurface at high
resolution.

Since the mid 1980s, GPR has become enormously popular,

particular with the engineering and archaeological
communities.

It was applied since the 1960s in connection with the
development of radioechosounding of polar ice sheets.
For regional and large-scale investigations, radar
measurements have been made from aircraff and
satellites.

= Ancient river drainage systems now buried beneath
desert sands in Africa
= important source of possible water 63



In the GPR method, a shorf radar pulse in

the frequency

band 10MHz - 1GHz is infroduced in the ground.
The reflection of electromagnetic waves are olbserved.

Fig. 41 Reflector

Radar velocities are controlled by the die
constant €. where c is the velocity of lig

ectric
Nt IN vacuum

(3-10° m/s), and M. is the relative magne!

IC permeability
which is close 1o unity for non-magnetic rocks.



A radar system comprises a signal generator, fransmitting
and receiving antennae and a receiver that may have

recording facilifies.
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Ground Penetrating Radar

(GPR)

* As radiowaves travel at high speeds (in air 300 000
km/s), The travel fime is a few tens to several Thousand
nanoseconds (ns=107s). This requires a very accurate
iInsfrumentation To measure the signal.

* The antennae used can be in monostatic or bistatic
mode.

monostatic: one antenna device is used as both
fransmitter and receiver

pistatic: Two seperate annfennae are used with one
serving as transmiffer and the ofher as receiver

66



Fig. 43: Schematic
example of the
franslation of the

ranciedsepdes - racejived waveform

(one scan) onto a

graphic recorder

output.!
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Ground Penetrating Radar

(GPR)

A confrast in dielectric properties across an interface
causes reflection of part of a radar pulse according to
the reflection coefficient

p Ve Ve, v,V
\/7"‘\/7 VTV,

2

where e, and e, are the relafive permittivities (dielectric
cons’rcn’rs) of The two media seperated by the inferface
and v, and v, the radar velocities within them.

Velocities of geological materials lie within the range
0.06-0.175 m/ns.

Typical value for f=100MHz. "



Ground Penetrating Radar

(GPR)
material €, o (ms/m) v (m/ns) a (dB/m)
water 80 0.5 33 0.1
dry sand 3-5 0.01 0.15 0.01 -1
wet sand 20 - 30 0.1-1 0.06 0.03-0.3
clay 5-40 2 —1000 0.06 1-300
granite 6 0.01-1 0.12 0.01-1

- Water has a dielectric constant of 80.
The water content of materials exerts a strong influence
on the propagation of a radar pulse.

Velocity contrast between dry and wet sand!
- Groundwater exploration
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Range of gpplications of

GPR

* contfaminant plume mapping

* landfill investigations

* location of buried fuel tanks and oil drums
* detection of natural cavities and fissures

* void detection

* ice thickness mapping

* |ocatfion of buried archaeological objects

/0
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Fig. 44: Wavelength of electro-
magnetic waves in
dependence of signal
frequency.’

Velocities of

geological materials
are very high

- corresponding
wavelengths are in
the range of
decimeter.

- very good
resolving of small
stfructures
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Attenuation

However, energy is lost due to attenuation « which is
dependent upon the electric (o), magnetic ) and
dielectric (€) properties of the geological medium as
well as the frequency of the radar signal.

E
P —exp(—ax)
EX
f | 5 \1/2 1|72
€ o
X=( e 1+ - —1
2 W€
\ )

- small x values for air, ice, granite

- idedl conditions for GPR 79



Penetration Depth

Penetration depth for georadar signal;

d[m]:p[gom]

- small penetration depths for rocks with low
resistivities

clay: 0.8 - ITm

saturated sand = 2m

dry sand = &5m

/3



3./.1 Models of data

acquisition

a) radar reflection profile:
The transmitter and receiver antfennae are kept
at a small, fixed seperation.

direct
wave

— reflections

/\/ Fig. 45 24
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The observed signals can be summarized as
radargram.

Profile

direct wove

reflection
Travel

trne Flg 47 76



Reflection

L/2] =(x/2[ +h?

77



Models of data acquisition

) wide-angle reflection and refraction (WARR)
sounding:

The transmitter is kept at a fixed locafion and
the receiver is fowed away at increasing offsets.

c) common-depth point (CDP) method:
Transmitter and receiver antennae are moved
apart about a fixed central point.

b and ¢ are designed to show how the radar
velocities change with depth.

/8
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Ground Penetrating Radar

(GPR)

Resolving power

* verfical resolving: %

* horizontal resolving: @

where A=%

Example: f=100MHz,v=0.1m/ns =A=3m

The structures in the radargram

e |ocal small anomalies: buried tanks, pipes = hyperbola

* horizontal reflections: groundwater horizonts
80
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RADARGRAM

A = L

distonce

trove] time

Fig. 51: Schematic graph of the origin of diffraction.

IX: fransmifter antfenna, Rx: receiver anfenna,
R: reflection of groundwater table, D: diffraction.’
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Fig. 52: Measurements with Ground Penetrating
Radar. Left: 120 MHz antenna system (bistafic).
Right: 500 MHz antenna system (monostatic).’
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Case Studies
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