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ELECTRICAL PROPERTIES SHORT COURSE - Gary R. Olhoeft

INTRODUCTION

Electrical propertises describe the ability of charge to
move inside matter. When an external electrical force is
applied to matter, charges move in response. The movement of
charge is called a current, and the ratio of the current
density (current per unit area) to electric field strength
(force per unit distance) is an electrical property of the
material, called slectrical conductivity. Conductivity is a
measure of the ability of a material to transport charge.

Upon application of an electrical force, charges of
opposite sign (positive or negative) respond by moving in
opposite directions. Separation of opposite charges by a
distance (or displacement from their equilibrium positions)
creates another electric field which opposes the original
external field. The charges stop moving when the two balance
and cancel. This dynamic balance of electric fields and
charge separation is called polarization. Non-selectrical
forces such as chemical, thermal, magnetic, and mechanical
forces may also couple to charge, creating charge separation
to produce polarization. Charge transport (conduction) and
separation (polarization) are the two principal types of
electrical properties.

The mlectrical propertias of rocks and minerals are used

for a wide variety of purposes. Passively, changes in



elactrical properties within the earth cause warping of
natural slectric and magnetic fields. Activily. there are
types of electrical properties that result in the generation
of spontaneous voltages around flawing water or where two
dissimilar materials meet. Active stimulation of the earth
by natural or manmade forces can result in measurable
electrical responses due to changes in electrical properties.

By measuring and mapping natural spontaneocus polarization
potentials, changes in natural magnetotelluric fields,
electric field responses from actively induced currents, or
variations in electromagnetic propagation, a picture is
developad that describes variations in electrical properties.

This picture may then be used to explore far oil, gas,
geothermal, mineral, and other rescurces, to delineate faults
and fractures in sarthquake zones or nsar dams, power plants,
and waste repositories, to locate leaks in dams or waste
disposal sites, to map soil moisture variations for
agricultural planning, or to acquire information for a host
of other problens.

No geophysical technique works in all applications and
none give unique answers. However, of the available
geophysical tools, those exploiting mlectrical properties are
the most sensitive to subtle changes within the earth and
thus, often the most useful. Seismic velocity primarily
responds linearly to changes in bulk density with a useful
range of 1 order of magnitude. Magnetic properties primarily

respond logarithmically to magnetite content (with a useful



range of 3 orders of magnitude). Radiometric properties
similarly respond to uranium—thorium—pntaslium concentrations
(3 orders of magnitude). Thermal properties primarily
respond to bulk density and water content (2 orders of
magnitude). High frequency electrical properties (above 1
MHz) primarily respond to bulk density and water content (2
orders of magnitude). However, at low frequencies,
electrical properties respond to bulk density, water content,
water salinity and chemistry, oxidation-reduction reactions,
cation exchange processes, corrosion processas, water
movemeant, chemical concentration gradients, clay—orﬁgni:
reactions, and other phsnomena that involve the movement of
charge over nearly 24 orders of magnitude.

Further, while viscosity has the widest dynamic range
of any physical property (40 orders of magnitude), low
frequency electrical properties have the widest dynamic range
{24 orders of magnitude neglecting superconductors) of any
readily-measured physical property (Table 1). Alsao,
electrical properties are easily measured as a function of
frequency, and the various processes which affect low
frequency electrical responses are usually themsalves
strongly dependent upon frequency. This allows measurements
as a function of frequency to yield useful information about

physical and chemical activity in the earth.



Table 1 - The range of low frequency electrical properties.

Conductivity
(mho/m)

108
108
104
102
10°
10™2
10™4
10”6
1078
1010
10-12
1o-14
jo-16
10-18

Minerals

copper
iron
sulfides
tellurium

germanium

silicon

cryst.selenium
pure water

iodine
polyethylens

amarph.seleanium
teflon/paraffin

diamond
beryllium oxide

Rocks

anthracite

35:a21:;t.r humic matter
wet sandstone/fresh water

" wat basalt
. brown coal

water ice
rock salt

dry silicates

dry silicate powder
alumina

The ranges of DC slectrical conductivity shown in

Table 1 are all typical values and are highly variable as

environmental and other factors changme. Sulfide minerals

may range from 10-5 to 106 mho/m depending upon the amount

and kind of impurities, degree of crystallinity, and

metal ssul fur stoichiometry.

Most solid silicate rocks are

around 10'11 mho/m when vacuum dry at room temperature, but



the addition of a single monolayer of adsorhed water (about
0.01 wtX) will increass th- electrical conductivity by.an
order of magnitude. Similarly, the electrical conductivity
may be increased by up to 9 orders of magnitude from the
vacuum dry value by adding a few weight percent water, or by

increasing the temperature from 20C to 900C, or by increasing

the frequency of measursment from DC to 105 Hz, or by adding
a few weight percent of a conductive mineral. This creates
large ambiguity as to why a material has a given value of
electrical canguctivity.

Table 2 - Gtophyliéal techniques and mechanisms of slectrical
proparties versus frequencies.

Frequenc Procesas Technique
.?Hz) 4 a

SEOﬁtin.OUI Polarization
DC Resistivity

-X .
10 Magnetotellurics
-1 Elay/0rganic Beactions Complex Resistivity
10 Interfacial Pru:..".’ Induced Polarization
101 Oxidation—Reduction
103 Diffusion/Migration Audio—-magnetotellurics
= Ice Relaxation Loop~Loop Electromagnetics
107 Bound Water Relaxation
10 - Radar Sounding
109 Electromagnetic scattering
11 Fres Water Relaxation [ficrowave Radiometry
10 IR Spectroscopy

Some of this ambiguity may be resolved by measuring the

electrical properties as a function of fresquency and



amplitude of stimulus in field applications and as a function
of environmental parameters in the laboratory. Table 2
outlines some of the various field gecphysical tschniques and
chemical mechanisms of slectrical properties versus
fragquency.

Figure 1 illustrates the range of alectrical resistivity
{(the reciprocal of conductivity! for basalt with 4.3%

porosity from Thingvellir, Iceland as a function of

THINGVELLIR 8ASALT

(OHM-M)

RESISTIVITY

LOG

- L 1 1 1 | . L. 1 L 1
-4 -3 -2 - ] | 2 3 &4 35 8
LOG FREQUENCY (HZ)

Figure 1 - Electrical resistivity of basalt as a function of

frequency and temperature, wet and dry.

frequency. The solid lines are measured dry in ultra-high
vacuum, and the dotted line=z are measured saturated with
distilled water. The portions of the curves that show

resisitivity independent of freguency are whers conduction



currents are dominant, and those with resistivity strongly
varying with frequency are where displacement currents
(palarization properties) are dominant. Note that the
frequency of transition from conduction to displacement
increases with increasing temperature and water contasnt.
Note also the ambiguity in that the sample vacuum dry at
250°9C is identical with the water-saturated sample

at -26°C,

By varying the frequency of measursment, fisld
techniques also vary the depth of investigation. Records
from magnetic cbservatoriss that stretch over periods of
decades are used to obtain conductivity versus depth profiles
to about 400km. DC resistivity and magnctotl;luric tools
measure as deep as 30 km. Induced polarization and low
frequency electromagnetic induction tools penetrate to a few
kilometers. These tools uss induced fields to measure to
depths of one or two skin depths (equation (441, primarily a
function of conductivity and frequency) which will be less
than 16% of an electromagnetic wavelength.

Radar and higher frequency electromagnetic tools may
penetrate to several skin depths (many wavelengths) by using
the propagation of electromagnetic enargy. In these cases,
the depth of penstration is determined by the amount of
enargy loss with distance due to conversion of
electromagnetic ensrgy to thermal energy (intrinaic
conduction loss) and dus to energy lost by scattering from

the interaction of electromagnetic snergy at a wavelength



about the same as the scale of electrical inhamogensity in
the material. This distance may range from a fraction of a
meter in a clay soil (high intrinsic and high scattering
loss) to tens of meters in granite to hundreds of meters in

temperats glacier ice to two kilometers in dry salt domes.

In the 10! to 10° Hz range where induced
electromagnetics and complex resistivity techniques are
exploited, the frequency depandence of both the depth of
investigation and of the electrical mechanism causes a
complication. As the frequency is varied, the depth of
investigation is varied and measurements will reflect
changing electrical properties with depth. Changing
frequaency will also excite different meschanisms in the ground
such as ionic conduction, cation exchange, and oxidation
reduction reactions. In order to distinguish a change with
frequency caused by depth variation in electrical properties
vearsus a change with frequency caused by changing
physical-chemical mechanisms, it is necessary to vary the
geometry of the electrode array or induction loops (Keller
and Frischknecht, 1964). The variable geometry also varies
the depth of investigation. Thus, the effects of changing
electrical properties with depth can be determined from the
changing geometry of the electrode array and removed from the
variable frequency data to leave the effects of physical
chemical mechansims. Complications arise from the necessity
of also removing inductive and capacitative coupling which

change with frequency and electrode array, but these may be

-10—~



handled mathematically (Millet, 1947; Dey and Morrison, 1973;
Hohmann, 19733 Wynn and Zonge, 1973, 19773 Wynn, 19793 Pslton
et al., 19783 Ramachandran and Sanyal, 19803 Coggon, 1984)
Wang =t al., 19835).

An alternative approach is to work at very low frasquency
(<1 Hz) and small eslectrode spacings, so the measured
electrical properties are dominantly controlled in freguency
by th, physical ~-chemical processes in the earth, and the
depth of investigation is doﬁinantly controlled by the
geometry of the slectrode array. For a frequency of 1 Hz in
100 ohm-m material, the skin depth is 5033 m, requiring the
eleactrode array toc have a depth of investigation less than
S033 m in order to have the frsquency dependence controlled
by chemical process mechanisms instead of depth variation.

A different approach is to change the amplitude of the
stimulus, and thus sxpleit the nonlinear electrical
properties of some of the physical-chemical mechanisms as

discussed later.



ELECTRICAL PROPERTIES SHORT COURSE - Gary R. Olhoeft

NOMENCLATURE

The electrical properties of all materials have two
things in common: a low fraquency limit at which conductian
(charge transport) phenomena dominate and a high frequency
limit at which dielectric polarization (charge separation)
phenomena dominate. To intreduce the nomenclature of
electrical properties, start with the simplest electrical
circuit (for an introduction to circuit theory, ses Bose and

Stevens, 1947) which includes these limits as in Figure 2.

Figure 2 - Electrical circuit analog of simple rock.

whera G = 1/R; = low-frequency conduction limit

and C1 a high—frequency polarization limit

—12_



reprasent the minimum circuit elements in all rocks and

minerals. The chz elements have been added to

illustrate the simplest relaxation with
CI+CZ = low~frequency pelarization liait

and T = chz = time constant of relaxation. Such a

relaxation feature does not necessarily appear in rocks, and
is usually more complicated (as will be discussed belaw).
Th. simplest circuit elements of resistance, R, and

capacitance, C, are definaed as follows:
R=1/8 = V/1 (&

where V is the voltage (electrical force) in volts driving a
current flow of I amperes through a resistance R (or

equivalently a conductance 8). The resistance describes
an enargy loss or dissipation of 12R watts of power.
-1

C = —mmmm €21
dv/dt

where t is time, and the capacitance describes the storage of

charge in a system with a time-varying force.

The admittance (conductance) of the circuit in

-13-



Figure 2 is

1
-1
R2 + (1uc2)

Y =@ + 1HC1 +

[3]

=38 + {uC;, + — i
1 1 + iawt

To convert this exprassion into the properties of a material,
divide the admittance of the material by the admittance of
the same gesometry of smpty space. Since free space has no
conductivity but always a minimum dielectric peraittivity of
8.854185 picoFarads/meter, the admittance of the empty space

is

Y, = iuC, £41

where Co - (nA/d

B.B8%54185 x 10" 12 F/m = vacuum permittivity

and “©

A = cross—sectional arsa of the volume occupied by the
material

d = thickness of the material volume.
Thus, the result bacomas

Y c c 1 6
1,22 + €53
1 + iwt iwC

Yo Co Ca

-14-



1f the following definitions are made
K, = Cy4/C,

K, = (€, + Cx)/Cg

a
Spc ™ ¢uG/Cn = 3 d/A
then (5] may be rewritten as

K_ ~K a.
K* = 4K® = i —-BG- = + ~-8—-m. . ; JDC_ [&]

we 1+iwT we

where K’ - iK" = complex dielectric permittivity relative to

free space
opc = DC conductivity L (ohm-m¥ 12

K_ = 1lim K°
w=0

and K = 1lim K-
o wre

-t



The complex impedance of the circuit is

Z° - 4iz* = (Y' + iym~! £71
which is converted to a complex resistivity by

p’' = ip* = (Z° - 1iZ") A/d. 8l
By defining a loss tangent and phase angle as

K" o
D = tan(n/2 + §) = —pgr + —co—pT— = —gw £91
Q

where D = loss tangent and ¢ = phase angls betwesen voltage
and current. This simple circuit model allows sasy conversion

from one parameter to another:

1 D
; 2
utoK 1 + P

p' = £101

The fullouinq.pag-s continue the discussion after: Olhoeft,
G.R.y C. Elliot, B. D. Fuller, G. V. Keller, W. J. Scott, and
D. W. 8trangway, 1978, Report of the Subcommittee on
Electrical Standards, Mining Committee, Tulsa:Society of
Exploration Geophysicists.

-1h=



Proposad Standards for the Presentation

of Electrical and Electromagnetic Data

INTRODUCTION

tUnless otherwise specifisd, these standards are written
for systems which are causal, linear, tims—invariant,
dynamic, and isotropic. The systems may be either
lumped-parameter (ordinary differsntial equation) or
distributed-parameter {(partial differential squation) and
they may be either discrete time (difference squation) or
continuous time (differential equation). For definitions of
these terms, see Cooper and McBillem (1967). If the system
is non-causal, it is not physically rsalizable in geclogy.
If the system is non-linear, the original raw data should be
presented without any processing and with a complete
description of the technique of mesasuremant. If the system
varies with time, that behavior should be completely
described. If the system is not dynamic, it is a restricted
subset of these standards and adequately repressnted by the
tarms defined here. If the system is anisotropic, the
parameters of this standard must be made into tansor

quantities (as is done in Sratton, 1941).



ELECTRICAL STANDARDS

Definitions in electrical propertiss logically begin with

Ohm's law

J = of ‘ £113
where J = free charge current density Eamp/mzl
E = glectric field strength [volt/ml
and o = glectrical conductivity {(siemens/ml.

This is equivalently presented as

E = pJ £121

where p = o ! = alectrical resistivity Cohm—ml. Up to this
point, resistivity and conductivity are defined including
only frse charge transport.

In the general case, the following linear relationship

alsa appliss

D = ¢E : C131]
where ¢« = dielectric permittivity {farad/ml

and D = glectric flux density [coul omb/m21.

The real part of the relative permittivity, ¢.’, is

frequently used and defined:

<

= t'/to

-18-



where ¢« = free space permittivity = 8.854185 x 1012 F/m.

o
The real part of the relative permittivity is sometimes
called the "dielectric constant”, but this terminology is no
longar preferred as the permittivity is not a "constant".
The slectric flux density is sometimes called the dielectric
displacsment (from displacement or separation of charge).
Combining this relationship with Ohm's Law through

Maxwell ‘s equation

Vx H=J+3D/0t = Jq [141
where H = magnetic field strength Camp-turn/ml

yields a total current density, Jy, which includes both

free carrier conduction and dielectric displacement terms

Jr = of + ¢« JE/3t. £151

Since, in the gsneral case, both the conductivity and the
dielectric permittivity may be complex, the total resistivity
and the total conductivity may be defined through the

relation

y~1

{p1 — ipy =op +iop = (" + ic") + iw (e’ = i4™) L1561

with a loss tangent and phase angle defined

TP e e
tan 3 = —cot ¢ = = = C171
u% o" + we’

o
-4

L)



where tan3 is the symbol to be used for the loss tangent,
¢ = phase angle (radians]

and the unsubscripted o and ¢ come from equation [15].

r '
€L

/€/> &a/

?

Ef’;//Q/

Figure 3 - Phasor diagram relating complex quantities.

Most instruments fall intc two classes: they sither
measure volatage, V, and current, I, which are related te E
and J by the geometry of the measurement system, or they
measure equivalent series or parallel admittance or
conductance by substitutional comparison against an internal
standard or directly. In the latter case, the effective
capacitance and conductance msasured become effective
dielectric permittivity, («’' + o"/w) from equation [146]
above, and the loss tangent as defined in equation [171].

Those instruments that measure voltage and current

-20-



usually measure the total current (hence the total current

density), yielding a typical asasurement of the form

E(t) = E, sin(ut + ¢ )

183
Jptt) = Jg sin (ut + §))

where E_ = amplitude of E
'J, = amplitude of Jq
t = time [(secl

@ = frequency [radians/sec] = 2wf (where f is

frequency in Hz)
L arbitrary phase offset relative to some time

zera for E

and bj = arbitrary phase offset for JT relative to

the same time as E.

In terms of these equations for E and Jy, the

total resistivity is found to be given by
IpTl = (p+2 + p-'l‘-z)“2 = E /g = resistivity magnitude [19]
¢ = arccot(p’'/p") = ¢, - Oj = phase angle L2201

pPr = (Eg/Jdg? cos ¢ = real resistivity £L211

-21{-



pPT = (En/dy) sin ¢ = imaginary resistivity. €223

The complex total conductivity may be similarly derived or
obtained through squation [1lé4l. _Th- loss tangent and phase
angle of equation [17] are consistant with the phase angle of
equation [201.

For msasurements of induced polarization in the

frequency domain, the following quantities are defined

FE(fI,fz) = fraquency affect = 23]
ipp(fydi

where f1 and fz are the frequencies of measurement f1 < *2

and

NPFE(f ,f5) = normalized percent frequency effect

100 FE(f,,f5)
1094 (Fo/fy)

£24)]

The definitions up to this point have been formulated
for stmady state, sinuscidal excitations. Howaver, the
definitions are equally valid whatever the form of excitation
and response, provided that only the fundamental frasquency is

employed in determining the resistivity and phase angle at



that frequency from measured E and J. If harmonics ars
employed, their amplitude ratios still define a resistivity
as in equation {191 only if the system is demonstratably
linear. The problem is demonstrating that the system is
linear. If the system is nonlinear, the fundamentals will
still produce the same resistivity and phase as an equivalent
linear system, but the harmonics will generate different
values from those found using the fundamental at the same
fraquency as the harmonic. For this reason, all definitions
in the literature are given for the fundamental frequency

only.

Figure 4 illusatrates and compares the complex
dielectric permittivity and complex resistivity frequency
spectra. The loss tangent and phase angle rspresentations
are very similar and mirror images of each other. The loss
tangent shows dielectric relaxations better than the phase
angle, whereas the phase anqgle shows lower frequency Faradaic
relaxations better. The dielectric permittivity and real
part of the complex resistivity are comparable (the log
resistivity amplitude scale is twice that of the log
permittivity). Note that after the initial frequency
independent plateau in sach, whenever the resistivity or
permittivity has another frequency independent plateau, the
other is strongly varying with frequency.

-2



LOG PERMITTIVITY
ALIAILSIS3Y 907 —-—

LOG FREQUENCY
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LOG LOSS TANGENT
ISVHd-

LOG FREQUENCY

Figure 4 — Comparison of complax {frequency spectra.

In the more general casas, pT(u) and GT(H) are the

frequency dependent, complex transfer functions relating

arbitrary transformable functions E{uw) to JT(u). The

frequency dependence has the following genaral limit:



-1t ' . " -1
o) = = lim (or(w)+ict(w)] = 1lim fpr(w)-ipY(w)]. £2%]
pc * Poc T S5 T T o PT P

In the time domain, the frequency domain parameters
given above are transformed from transfer functions into
impulse response functions through the Laplace transform.

This causes Oha’'s law to appear as a convolution of the form:

E(t) = ric) JT(t—r) de

o [261

o
Jpit) = sit) E(t-v) dx
o)

where ri(t) and s(t) are the impulse responses representations
of resistivity and conductivity respectively. The impulse

responses are given in terms of the transfer functions as

1
rit) = ——oe etiot 5 () du [271

2w
-a

and similarly for conductivity. Further introduction and

discussion of these parametars may be found in Keller (1939),

Fuller and Ward (1970), Shuey and Johnston (1973), Doestsch

- -



(1971), and Cooper and McBillem (1967). With instruments
capable of racording digitized waveforms of E(t) and J(t),
the impulse response or the transfer function are the

preferred forms for presenting the data.

Other acceptable parameters for induced polarization
measurements in the time domain are the integral
chargeability, M, for a full period symmetrical waveform

(averaged over both halves of the period) whers

1 8
M(T; 4Ty Tx:Ty) = o V (t) dt [sec] 281

p

ta

whare common usage in terms of voltage instead of electric

field has been followed, and

Ty = "on" time for a symmetrical pulse

T2 = "0ff" time interval between equal but opposite
polarity “on" times,

T3 = time interval from turn off time to first
measurement of the response V’(t.)

T4 = period of integration = t, - t_

V., = amplitude of the "on" pulse = lim V()
P TI-OQ

and Vg (t) = the mesasured amplitude of the secondary
voltage response.

-2&-



Figure 5 - Definitions for [28] through [321].

The instantanecus percent chargeability, Ch, is given by

Vit )
Ch(T ,Tp,Ty) = -—-;‘—- 100 [percent] €291
p

whers Tl' T2, and T3 are as before. The gensral equation

faor VIit) with an arbitrary waveform is given by

vit) = K r{c) I(t-) d= £301]

-27 =



similar to squation £26] but with the factor K to account for
the gecometry, where again

vV, = lim V{t).
P Tl".

The volume chargeability, m, is given as (Siegel, 1939)

1
= = lim V() €313
Tl-..
Tyde

The relation betwean the fresquency and the time domain is

axpressaed through the transforms [27] above and the limiting

case

lim M= 1lim FE [321
T 1 o 2 2 "0

Tz'.. fz".

TS*O

T"’.

which repressents a situation in the time domain of an

infinitely long pulse, Vp. turned off and left off

for an infinitely long time.

In field practice, the measured quantitiss are commonly

termad “apparent” and are sxpressad in the same units as the



corresponding "trua® gquantities discussed hers. No matter
what the form of measurement, the data should be presentsd
after corraction for the geometric configuration of the
system based upon an assumed homogensous medium (converting Vv
and I to E and J) and after corrsction for any known and
stated instrument characteristics and inaccuracies, but
befors any corresctions which are model dependent (including
laynring, threse-dimensional effects, coupling, and others).
After the data has been presented in this fashion, then
interpretation and modelling may be presented.

If{ particular measurement systems yield data in another
form than on-‘of those presented here, that data should be
prasented with an explicit and detailed sxplanation of
exactly what was measured and also with a derivation of the

parameters in terms of those used here.

NONL INEARITY

Although many instances of nonlinear electrical
properties exist (Shaub, 19653 Alvarez, 1973; Katsube et al.,
1973; Parry=-Jdones, 19793 Devreese and Van Doren, 197643
Olhoeft, 1979, 19853 Klein and Shuey, 19793 Olhosft and
Scott, 19803 Anderson, 1981), none are sufficiently well
understood or characterized as to allow parameter
standardization. It is recommended that in situations where

nonlinear behavior is suspected, both frequency and time

29—



domain data should be recorded, the actual waveforms of E and
J should be recorded, and a Lissaijous plot of E versus J
should be presented with the other forms of data. If these
are not paossible, a discussion of the probable consequences

of using linear parameters should be provided.

ELECTROMAGNETIC STANDARDS
In slectromagnetic systems, the linsar relation
B = puH £331

is added to the electrical systems discussed above, wheare
B = magnetic flux density [teslal
H = magnetic field strength [amp-turn/ml

and u = magnetic permeability [henry/ml.

The ralative magnetic permeability is also defined as

B = “/“o L34]

where Bg = 4w x 10'7 Henry/m = fres sgnc- or vacuum
permeability.

The magnetic susceptibility is defined as
-1 _ .
Xm = By 1 C332

As discussed above for the slectrical systems, 4 has a

-Z0=



general form of a transfer function which may be complex and
frequency depsndent with the conssquence that there is a

magnetic loss tangent, defined as
tan 3, = p"/p’ £3461

with p = p' = ip". Tha total slectromagnetic loss tangent

thus bescomses

3 -3
tan 3__ = tlnt---;n—] = cot @ t373

whare 3 and a-m arse loss angles from the electric (angle

betwesn E and J) and magnetic (between B and H) loss tangents
respectively, and © is the phase angle of E with respect to
H. The phass angle is also given as

tan @ = /P L3811

‘where
(x + 18)2 = k2 = —ipw (0 + iwe) = —ipwos L3791

in which k = circular wave number

«x = phase constant [(radians/ml

-31=-



ne g 1/2 1/2
IR - (1 + ——m=m— ) + 11 £401
2 «2u2

8 = attsnuation constant [nepers/al

<
= y1/2 - 1131/2 [411

and or is the complax total slectrical conductivity given

in [16] above.

The attenuation (dus to properties of the medium in the

absenca of scattering processes) is also commonly given as

N=-208 logyoe = -8.686 § [dB/m]. C421]

The propagation constant in the medium is
vy = ik, [43]

Notw that the older literature (e.g., Stratton, 1941) differs
from the nawer litesrature (IEEE Standard 211(1977); Lorrain
and Corson, 1971) by a factor of i.

The phase velocity in the medium is



VP = /% [a/sec] £44]

The wavelength in the medium is
A = 2u/m (ml CAS]
and the skin depth or attenuation length is
a= 1/ Cml L4461
which is the distance an electromagnetic wave travels in the
medium while being attenuated by 1/e.

The characteristic intrinsic impedance of the medium is

Zn = uu/k Laohms] C471]

The attenuation length or skin depth from [44] is
frequently assumed to be a simple function that is dominantly
controlled by frequency and electrical conductivity

A= (2/upm) 172 [481

For most low—frequency electromagnetic induction problems,
this is a valid approximation. However, in some materials,
the dielectric contribution cannot be ignored and the

original squation [441 must be applied. In Figure &, the
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Figure & — The effect of displacesent currents on skin depth.

light solid line labelled 3.?:105 ohm-m is squation [48] for
a simple conductor without displacement currents (e.g.,
dielectric effects). The dashed-dotted line is for water
ice including both dielectric and conduction effects per
equation [44] and the heavy solid line is for clay permafrost
including both effects (Olhoeft, 1977). Note that the

dielectric affects ars important only above 3x10° Hz.
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Figure 7 - Tha transition from induction to propagation.

Figure 7 illustrates the transition from inductive
electromagnetic behavior described by tha diffusion squation
to nlcctrbmngnetic propagation described by the wave equation
(Stratton, 1941). 7The main plot shows the loss tangent
{(salid line), skin depth {(fine dashed line), and the ratio of
waveleangth to skin depth (coarse dashed line). In the
low-frequency inductive limit, the ratio is asymptotic to 2w,
which results in electromagnetic energy that decays to 1l/e in
16% of a wavelength and follows the diffusion equation.
Across the top of the figure, the smaller plots show the
decay of the slectraomagnetic energy versus distance in units
of wavelength (the top row shows the snvelope of decayj the
bottom shows the actual waveform decaying). Figure 7 ia

drawn for the slectrical properties of 1000 ohm—m water.








































































































































































































































































































































































































































































































































































