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6. Ab.u.ci
The objectives of the work described in this report were to use and evaluate new
radiowave methods of measuring earth resistivity in the low—frequency (LY) (200—415
kHz) band , and to develop estimated effective ground resistivity maps in this same
band for the United States including Alaska. Both airborne and ground methods were
investigated by using the wavetilt and surface impedance techniques. The airborne
methods discussion concentrates on the use of the wavetilt technique in the very—
low—frequency (VLF) (10—30 kIta) band because LF transmitters operate at a wide
range of frequencies and supply inadequate coverage. It is concluded from the VLF
study that over much of the central United States VLF airborne resistivity might
well approximate Li ground resistivity. The ground methods discussion concerns the
surface impedance method in the LF band using a device developed by a coumercial
organization for the purposes of this study. Geological and physiographic effects
on LF resistivity are demonstrated in several studies and the data are used later
to produce an estimated effective conductivity map of the United States. It is
concluded from the LF studies that the present conductivity map based on the field
strength attenuation method for BCB (Broadcast Band: 550—1600 kHz) transmitters,
and in current use by the FAA , is fairly accurate for BCB purposes but inapplicable
to LF purposes, mainly because of the inadequate penetration of BCB radiation.
The LF estimated conductivity maps for the United State; including Alaska, show
patterns similar to those in previous resistivity maps but with different values.
The most resistive areas are the granitic, mountainou, regions. The most conductive

areas are generally the coastal and b ess deposits. formerly glacially
covered States of the Midwest have intermediate v.1 and show much more
variation than in previous mapping; this is because a e various types
of glacially produced sediments. In addition to the resis ivity mapping,
a very generalized estimated LF surface impedance pha se mappin g is
presented. Both resistivity and phase and their estimated seasonal van s—
tions are presented in one map of Alaska .

~~~~~ I? . Kp. W• d. IS. Oi.pi buN.m
Conductivity mapping Document i. available to the U.S. public
Electromagnetic resistivity mapping through the National Technical Informs—
Ground resistivity Surface impedance tion Service, Springfield, Virginia
Low frequency measurements 

• 22161
Resistivity mapping Wavetjlt

ii. S.sv iiy Cl...iI . (o f thi s ,.,.si ) 30. So...viiy CI.s.iI. (•f 4,4. p.r) 21. N.. .4 Psgoo 22. PNoS

Unclassif ied Unclassif ied
Psius DOT F 1700.7 (S—72 R.pe.dactfsm .1 c m ~ .i.d p.,. ...it ,.,i i. ~ 

~ o~ 
p~
,

r / •

~ 

. 

.

L



~~~~~

1’

TABLE OF CONTENTS

I. Introduction I

A. General 1
B. Modern electromagnetic methods of resistivity measure—

ment 4
C. Objectives 7

II. Principles of Electromagnetic Conductivity Measurements. . 7

A. Theory of radiowave propagation in the earth—Ionosphere
waveguide 7

B. Surface Impedance and wavetilt methods of measuring
conductivity 11

C. Dielectric effects 13

III. Airborne Approach to Ground Resistivity Mapping 15

A. General 15
B. Airborne quadrature wavetilt measurements 16
C. Resolution considerations 17
D. Range and altitude considerations at VLF 17
E. Topographic effects 20
F. Conclusions 22

IV. Intensive Approach to Ground Resistivity Surveying . . 23

A. General 23
B. LF transmitters 23
C. Instrumentation 25
D. Comparative studies 26

V. Estimated Resistivity and Phase Mapping of the United States
Including Alaska 34

A. General 34
B. Regional classifications 36
C. Phase mapping 40
D. Alaska 42

VI. Summary and Recommendations 45

VII .  References 48

Glossary of Geologic Terms Used 51

~ IIL 
~~~~~~~~~~~~~~~~~~~~~~~~~~ iii



Append ixes

A Local Methods of Measuring Earth Resistivity . . 55

B Operation of the Geonics EM-32 Surface Impedance
Me ter 57

C1—C12 Estimated Ranges of Ground Conductivity as
Measured by the Surface Impedance Method Between
200 and 415 kHz (in folded form)

C—i Oregon, Washington

C-2 Idaho , Montana , Wyoming

C—3 Iowa, Minnesota, Nebraska, North Dakota, South
Dako ta

C—4 Illinois, Indiana , Michigan , Ohio, Wisconsin

C—S Connecticut , Maine, Massachusetts, New Hampshi re ,
New Jersey, New York, Pennsylvania, Rhode Island,
Vermont

C—6 California , Nevada

C-7 Arizona , Colorado, New Mexico, Utah

C-8 Arkansas, Kansas , Missouri, Oklahoma

C-9 DelawarE, Kentucky, Maryland , North Carolina,
Tennessee, Virginia , West Virginia

C-1O Texas

C-il Louisiana, Mississippi

C—12 Alabama, Florida, Georgia, South Carolina

C-l3 Urban and Industrial areas where ground conduc-
tivity values given in Appendixes Cl—C12 are
likely to be ineffective (in folded form)

D Estimated ranges of phase for the contiguous
• United States as measured by the surface

impedanc. method between 200 and 415 kflz
(in folded form)

E Estimated ranges of conductivity and phase as
measured by the surface impedance method between
200 and 415 kHz for the state of Alaska
(in folded form)

iv

• ..- . .— -.-—- .—..—-- .

- ._ ~—..—



-..--- ~~~~~~~
_..-~~~-

_.-.- ~~--- ~~~~~ - - --~~---— . -

ENGLISH/~~ TRIC CONVERSION FACTORS

LENGTH

~~~~To
C. ka in ft .i

~~ 1 0.01 1x2O~~ 0.3937 0.0328 6.21z10 6 S.39110_ 6

• 100 1 0.00) 39.37 3.251 0.0006 0.0005

ka 100 ,000 1000 1 39370 3281 0.6214 0.5395
in 2.540 0.0254 2.54x10~~ 1 0.0133 1.5$zlO~~ 1.37*10~~
ft 30.40 0.3048 3.05z10 ’ 12 1 1.S9x 10~~ 1.64x10 ”

•i 160.900 1609 1.609 63360 5210 1 0.8618

sal 115.200 1552 1.852 72930 6076 1.151 1

ASIA 
- __________ ___________ ___________

0

Pro. c.z •~ 5.2 in2 ft 2 .i 2 
- ___________

Ca2 1 Q...QQQj 1z10~~ 0.1550 0.0011 3.86z10~~1 S .11x 10~~
1

•~ 10.000 1 1x10’~ 1550 10.76 3.56x10 ’ S.11x10 ’

~~2 ~~~~1O 1*106 1 ~~~~~~~ 1.01*10’ 0.356) 0.2914

in2 6.452 0.0006 6.4S110 10 1 0.0069 2.49*10.10 1.S5110 10

ft 2 929.0 0.0929 9.29x10 144 1 3.S9110 1 2.71z10

E2 2.59110 10 2.5 9*10’ 2.5 90 4.01*10’ 2. 79x10~ 1 0. 7548

~~~2 3. 43*10 10 3. 43*106 3 .432 S.3tx10 ~ 3. 70x10’ 1.325 1 
—

VOLLIe
s~~ To 

- ________ __________ __________ _______

Pro~”..,,, cs3 lit.r .3 in 3 ft 3 yd3 fi . ot . fI. p t .  f1. qt .  gal .

C.3 1 0.001 1*10~6 0.0610 3.S3z10~~ 1.31x1 0~~ 0.0335 0.0021 0.0010 0.0002
lit.r 100’) 1 0.001 61.02 0.0353 0.0013 33.81 2.113 1.057 0.2642

1x10~ 1000 1 61.000 35.31 1.308 33.800 2113 lOS? 264.2

16.39 0.0163 1.64x10~~ 1 0.0006 2.14z10~~ 0. 5541 0.0346 2113 0.0043
ft 3 25,300 28.32 0.0283 1728 1 0.0370 957.5 59.84 0.0173 7.481

yd 3 765.000 764.5 0.7646 46700 27 1 25900 1616 807.9 202.0

11. ot. 29.57 0.2957 2.96xlO~~ 1.005 0.0010 3.S7x10~~ 1 0.0625 0.0312 0.0078
fl. Pt. 473.2 0.4732 0.0005 28.88 0.0167 0.0006 16 1 0.5000 0.1250

fi. qt. 948. 4 0.9463 0.0009 S’.75 0.0334 0.0012 32 2 1 0.2500

gal. 3755 3.755 0.0038 231.0 0.1337 0.0050 128 5 4 1

OIASS

To
pro. •.., 1 kg 0* lb ton ,, ~~ -

g 1 0.001 0.0353 0.0022 1.10110 6 I
kg 1000 1 35.27 2.205 0.0011

os 25.35 0.0253 1 0,0625 3.l2z10~~ 
“
~ 

•.“ ~~~~ 0

lb 4S3 6 0 4536 16 1 0 0005 I 0

ton 907,000 907.2 32 ,000 2000 1

TEWEMTL* E 
~~

-

‘F • 5/9 (‘C 32) i lA l t  414 L ’T~ 501

— — - :: ~ (‘F) 

I 

“ ii I
-~ —.- ---- ---- - .-— .—.-— --- -~~~~~~~- - .—~ —----- .------—- ._ .- — .. .4



.— —~~~~~~~ — •

PREFACE

This report was prepared by Dr. Steven A. Arcone and Mr. Allan J.
Delaney, of the Physical Sciences ~~~~~~~~~~~~~~~~~~~~~~~ U.S. Army
Cold Regions Research and Engineering Laboratory, Hanover , New Hampshire .
The research was funded by the Department of Transportation , Federal
Aviation Administration, Systems Research and Development Service, under
Interagency Agreement DOD FATQWAI-707.

The manuscript was techn~~~IIy reviewed by Mr. Garth Kanen and Mr.
Charles Cram , of the FAA .

The contents of this report are not to be used for advertising or
promotiona l purposes. Citation of brand names does not constitute an
official endorsement or approval of the use of such commercial products.

I
vi 

.- —-— ~—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



. . —- ---- --

I. INTRODUCTION

A. General

The design, site selection and management of low—frequency (LF)
transmitters require a knowledge of the earth conductivity in the
vicinity of the transmitter. This is because field strength attenua-
tion strongly depends on earth conductivity, an increase in which causes
an increase in transmitter range and , hence , possibly cochannel inter-
ference with another transmitter.

This report concerns the use of new methods for obtaining ground
conductivity values appropriate for engineering in the 200—415 kHz
radio navigation aid band. The development of these methods in the
last 20 years now enables detailed improvements to be made of the
present conductivity map (see Figure 1 and Table I) used by the FAA
(pub. 6050.10) both as to actual and extrapolated values. Not only
do these new methods give the most appropriate values for the frequency
band considered, but they also enable a survey area to be covered in
regular grids, thus Improving on the statistics and extrapolations of
older methods.

The map in present use by the FAA is that of Fine (1954) based
on an eight—year study by Kirby et al. (1954) of field strength attenua-
tion of radiation from 621 transmitters in the 550—1660 kHz broadcast
band. Ten to twelve radial sections, extending auout 25 miles apiece,
were taken from each transmitter, giving 7237 conductivity determina-
tions. In Fine’s map, extrapolations of conductivity values for areas
not covered by BCE stations were made on the basis of correlations
between conductivity and subsoil type (the term “subsoil” was not defined
by Fine) existing in the known areas. This procedure was undoubtedly
adopted in view of the conclusion of Kirby et al. of “some association
of ground conductivity with soil type but so little that its use in
predicting future values of ground conductivity for given soil type
generally yields too wide a range of values to be sufficiently precise.”
Fine states that measured conductivities for paths over the same terrain
often varied by more than 2 to 1.

Although the field strength decay method is a valid practice for
determining gross measures of surface conductivity, the present FAA
map is inappropriate for LF purposes for the following reasons. First ,
the depth through which conductivity values are integrated is much deeper
at LF, being proportional to the square root of the frequency for any
one material. Second, the field strength method at both BCB and LF
wavelengths is topographically sensitive, thus giving question to values
obtained in mountainous regions. Third, the field behavior over local
inhomogeneities is understood for only very simple examples. 

~~.-rn - ~~.-
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TABLE I. RESISTIVITY CLASSIFICATION SCH~~fE
Classes 30 through 0.5 and their associated ranges are

taken from Fine (1954).

Class Resistivity range (ohm—rn)

30 22 — 47

15 47 — 91

8 91 — 177

4 177 — 354
• 2 354 — 707

1 707 — 1,414

0.5 1,414 — 2,829

0.25 2,829 — 5,000

0.14 5,000 — 10,000

0. 06 10, 000 — 20 ,000

0.03 > 20,000

These last two points are demonstrated in Figures 2 and 3. Figure
2 shows theoretical and experimental horizontal magnetic field strength

in the figures) attenuation curves for a 276—kH z , 25—Watt Non-
Directional Beacon (NDB) located in Hanover, New Hampshire, a topo-
graphically and geologically conmiex region. At the bottom of the
figure is the topographic profile. The bedrock geology is composed of
various types of achist (see Glossary of Geologic Terms) metamorphosed
from volcanic rocks and overlain by a marginal till cover. Also shown
in this figure are galvanically (direct current method , see Appendix
A) determined resistivity profiles for two effective depths of pene-
tration. As the resistivity profiles reveal for both penetration
depth” resistivity varies over a very wide range (60—100,000 ohm—rn).
The field strength profile shows many large perturbations superimposed
upon a general decay with radial distance, and some of the perturba-
tions are associated with the rugged topography . At best, the average
resistivity seen at LF is crudely estimated at between 200 and 1000
ohm-m .

Figure 3 shows experimental and theoretical horizontal magnetic
field strength profiles for a 248—kHz NDB located at Glenallen, Alaska.
In this case, there is very little relief and the geology to several
tens of meters depth consists of unconsolidated glacial and lacustrine
deposits. A best fit to the data places the average resistivity between
200 and 500 ohm—rn. This agrees with the d.c. investigations over 1
to 20—rn depth (vertical bars) that indicate values ranging from 20 to
600 ohm—rn. However, although the field strength decay seems to follow
the 500 ohm—rn curve , there is at present no adequate way of es t imating
the resistivity along the large perturbations seen between 25 and 60
km and between 90 and 125 km.

3
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FIGURE 2. THEORETICAL ANT.) EXPERIMENTAL FIELD STRENGTH ATTEN-
UATION CURVES FOR A 276-KJjZ BEACON LOCATED IN HANOVER, NEW
HAMPSHIRE. The spacings indicated in the center plots are
in. .~relectrode separations for which the depths of penetra-
tion are approximately 7 m (10—rn spacing) and 21 m (30—rn spac-
ing). The topographic profile is given at bottom.

B. Modern Electromagnetic Methods of Resistivity Measurement

Within the last 20 years, new electromagnetic methods of sub-
surface exploration have come into practice that enable local resis-
tivity determinations not practical with field strength decay methods
to be made. With the exception of subsurface radar which operates
between 100 and 1000 MHz and relies on contrasts in dielectric polar—
izability , these methods rely primarily on contrasts in electrical
conductivity to make subsurface material distinctions. In many cases
therefore, electromagnetic methods are able to determine earth con-
ductivity locally and directly, thus offering alternatives to the
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FIGURE 3. THEORETICAL AND EXPERIMENTAL FIELD STRENGTH ATTENUATION
CURVES FOR A 248-KHZ BEACON LOCATED AT GLENALLEN , ALASKA , IN THE
COPPER RIVER BASIN. The section runs approximately north from the
transmitter. Topographic relief is minor.

field strength method of measuring earth resistivity . The methods
are as follows, listed under their more common or commercial names.
They are summarized in Appendix A.

l4ngnetotelluric

This method utilizes electromagnetic energy In VLF (3—30 kHz),
ELF (10 Hz-30 kHz) and ULF (below 10 Hz) bands generated worldwide by
atmospheric and ionospheric discharges, magnetic field micropulsations,
etc. The quantity related to earth resistivity is the ratio of the
earth tangential components of the electric and magnetic field known
as the surface impedance. Readings covering a broad spectrum of fre-
quencies allow interpretations to be made as to the resistivity of
various layers of earth materials.

Radiohm*

This method also utilizes the surface impedance principle but at
higher frequencies in the VLF and LF bands. Powerful transmitters at
VLF and numerous though less powerful transmitters at LF allow this
method to be used almost anywhere over the North American Continent.

Wavetilt at~d E—Phase~

These methods are similar to the above surface impedance methods
except that the earth tangential electric field is compared with the

* Raaiohm is a patent name .

E—PHA SE is a patent name of the Barringer Corp., Rexdale, Ontario .

5
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earth normal (vert ica l )  component of the electric field . The wavetilt ,
as is the surface impedance, is a complex quantity having both phase
and amplitude . The E—PHASE system is an airborne adaptation of the
wavetilt principle but only the quadrature phase value of the complex
wavetilt is measured . The in—phase component is destroyed by topo-
graphic scattering and antenna cross coupling caused by aircraft in-
stability.

Magnetic Induction

This method utilizes the magnetic field coupling between two loop
antennas, one the transmitter and the other the receiver, to measure
earth conduct iv i ty .  In principle , the primary transmitter field
couples directly to the receiver but also induces eddy currents within
the earth. In turn, these currents generate a seconda.y magnetic field
which , when measured relative to the primary field at tue receiver and
under ideal conditions,  can be mathematically re lated to earth con-
duc t iv i ty .  This method Is usually realized with two identical loops
which are oriented similarly and varied in spacing to orof lie the
ear th ’ s conduct iv i ty  wi th  depth .

Many authort , most notab ly Wait (1970) , have shown that specifying
the surface impedance of the ground wil l  produce the same theoretical
results for propagation prediction as will specifying the entire resis-
tivity substructure. Calculations based on this procedure are now
possible with the mathematical developments of Ott  and Berry (1970) and
Ot t  (1971). Thus the surface Impedance approach vastly simp l i f ies
propagation studies because only one easily measureable comp lex number
need be associated with each surface point, rather than a set of sub-
surface resistivity values. However, one of our purposes was to map
conductivity for future LF engineering (e.g. transmitter placement
and power assignment) purposes. Therefore , it may seem redundant to have
used a method that requires the existence of a t ransmit ter  in the f i r s t
place.

To counter this objection , it must be realized that  the approxi—
inatel y 1,i00 LF transmitters in present use probabl y do not cover even
20% of the United States. Therefore, if a samp ling procedure is to be
used , as it must for so large an area, it is far easier to measure
surface impedance about these existing transmitters and to extrapolate
the values to other areas of similar geology racher  than to use a s e l f —
contained d.c. current or magnetic induction sounding system to de-
termine the resist ivi ty s t ruc ture, then theoretically calculate the
surface impedance at LF, and then extrapolate.

The obvious choice of conductivity mapping methods is then the
radiohm method with instrumentation developed originally by Collett
and Becker (1967). Their instrumentation was originally developed to
monitor the VLF transmitters in regular use for military communica-
tions. Recently, however, this technique has been applied to frequencies
in the 200—415 kHz radio navigation aid band , primarily for purposes
of geologic exploration via ground conductivity mapping. As these
instruments are capable of mear~iring both amplitude and phase, the
total complex surface impedance boundary condition may be obtained .

6
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More commonly, however, these surface impedance values are readily
converted to equivalent effective conductivity values.

C. Objectives

The objective of this research was twofold. The first objective
was to use and evaluate new means of mapping ground conductivity values
in the 200—415—kHz radio navigation aid band. Two approaches are
covered. For large—scale extensive mapping, airborne measurements using
the E—P}IASE technique at VLF are discussed in Chapter III. This technique
may be possible because in some regions of the United States the VLF air-
borne conductivity may well approximate the LF ground conductivity. For
small—scale intensive mapping, ground measurements using the Radiohm sys-
tem for monitoring local LF navigational aid transmitters are discussed in
Chapter IV.

The second objective was to produce an estimated LF conductivity
map of the United States. The 1500 or so LF transmitters in present
use provide sufficient field strength to cover only about 20% of the
country wi th a usable signal. Of all these transmitters, only about
20 were used , but in a variety of circumstances to allow geologic and
physiographic correlations to be established . Some of the specific
studies undertaken are presented in Chapter 1V. Estimates of both
LF ground conductivity and phase for the United States including
Alaska ate given in Chapter V.

We first begin with a discussion of the electromagnetic principles
of ground wave propagation (Chapter II) because they are essential to
an understanding of the techniques used and the results presented.

11. PRINCIPLES OF ELECTROMAGNETIC CONDUCTIVITY MEASUREMENTS

A. Theory of Radiowave Propagation in the 1~arth—Ionosphere Waveguide

Two different means of propagation at radio frequencies exist
within the earth—ionosphere waveguide. They are usually referred to
as the sky waves and the ground wave (often referred to as a surface
wave). Sky waves are actually the sum of many modes of multiple ref lee—
tions formed between the ionosphere and the earth and exist at all
frequencies below about 50 MHz.

At AN broadcast frequencies and below, vertically pola’lzed antennas
are used which generate transverse magnetic (i.e. the magnetic field
vector is orthogonal to the direction of propagation) radiation. The
f tel-I vectors of both the ground and sky waves at the earth’s surface
are represented in Figure 4. E denotes the electric field components,
H deno’~es the magnetic field component, and x,y,z refer to a local
right—hand Cartesian coordinate system. The coordinate z is perpendicular
to the earth V s surface and x and y are tangential. The symbols n and
~i refer to the incidence angles of the first order sky wave mode upon
the ionosphere and earth respectively. As has been experimentally
shown by Hollingworth (1926) and by Al’pert (1963), both modes do not

7
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FIGURE 4. TWO RADIOWAVE PROPAGATION MODES IN THE EARTH—
IONOSPHERE WAVEGUIDE (see text for explanation of symbols).
The electromagnetic field components are characteristic of
radiation from a vertical electric dipole.

necessarily combine in phase at the earth’s surface. However, de-
pending on distance from the transmitter, usually one or the other
mode predominates.

The ground wave has less range than the sky wave but dominates
in amplitude within a few tens of kilometers from, say, a 25—Watt trans-
mitter at LF. Within a distance d such that

d < 8OffU3 (bz) (Jordan and Balmain 1968) (1)

where f is in MHz, the ground wave field components at the surface of
a homogeneous flat earth model may be expressed as

—i (Br— ut) 2
E i6OBIdiF 

e (1—u ) (2)z r

—i (Br— ut) _____

E
~ 

i6OBIdtF 
~ r 

(uIi~uZ) (3)

—i (Br—ut) ‘~-~ 2
H — —i6OBIdLF 

e 0 (1—u ) (4)
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FIGURE 5. VARIATION OF THE ABSOLUTE VALUE OF
THE SOMMERFELD ATTENUATION FUNCTION F l  WITH
NUMERICAL INSTANCE P OVER HOMOGENEOUS GROUND.
Displacement currents are considered negligible
in comparison to conduction currents.

where w = 2nf in radians/second , t is time in seconds and r is distance
in meters. The_free space wave number is B and is determined by the
formula B = u/cc0 where c = 8.85 x 10—12 Farad/rn, and — 4w x i0~~
Henry/rn. The quantity Idi the current moment of the transmitter,
(di is assumed to be much shorter than the free space wavelength), i
is /T, a is the conductivity in mhos/m, and u I1/(K—ia/uc0) where
K — relative permittivity . F is known as the Soninerfeld attenuation
function which strongly depends upon earth conductivity. When dis-
placement currents are small compared with conduction currents, u —

Jl-WC 0 for homogeneous ground and the absolute value of F may be expressed
V a
as

IF I — ~—j~c~ e~~ erf c (i/i) (5)

where
Brc w

0
— 2a

The term erfe refers to the complement of the error function erf [see ,
f or example, Abramowitz and Stegun (1967)1 which equals (1—erf). F
is usually plotted against p. the numerical distance, which is actually
a normalized function of distance. The dependency of I F I  on p 18
given in Figure 5.

The depth of penetration within homogeneous earth for the re-
fracted ground and sky waves is measured by the skin depth 6 given
by the formula

6 — /2p/wp0 
(6)

9
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FIGURE 6. SKIN DEPTH 6 AS A FUNCTION OF FRE-
QUENCY FOR A HOMOGENEOUS MODEL EARTH OF DIFFER-
ENT VALUES OF RESISTIVITY p.

where p — 1/a is the resistivity in ohm—rn. The skin depth 6 is the
de~th at which the refracted field strengths will have attenuated to
e 1 (37%) of their surface values. Values of 6 as a function of
frequency for a homogeneous model earth of varying resistivity are
given in Figure 6.

Sky waves have much greater coverage than the ground wave. They
usually predominate in field strength beyond about 800 km for the
powerful VLF transmitters in present use. At LF, however, the low power
of existing transmitters rarely allows significant excitation of the
sky waves. The sky wave modes may be approximated as several di f ferent
plane waves undergoing various numbers of “hops” (reflections) from
the earth and ionsphere. For an observer at the earth ’s surface, the
first order mode (usually a single ionospheric skip) is dominant. For
this mode the electromagnetic field components (using the coordinates of
Figure 4) may be well approximated by

—iBxsin8 iBzcos8 —iBzcosOH —H e (e + Re ) , (7)

E HZsinO e t in8 
(~~~8ZCO88 

+ Re~~B~~
088) (8)

and

—iBxsinO iBzcose —iBzcoseE H Z cosO e (e - Re ) , (9)

10
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where 2 — hi Ic
0 0 0

e — 900 —

H — incident magnetic field strength

and

The time dependency of etut is assumed. R is the reflection coefficient
vhi~h depends on earth conductivity. For a homogeneous earth , R is
expressed as

cosO - — ~~~~~ V 1 (L sin’~~~
R — cosO + ~~~~~ .~/i_ (f.. sine)~~ 

(10)

when the radiation is transverse magnetic. In this expression ,

— /—iwu a

Again , the permitt ivity of the earth is considered to have negligible
ef fec t .

B. Surface Impedance and Wavetilt Methods of Measuring Conductivity

The wavetilt W method and the surface impedance Z5 method are
actually different versions of the same thing , but each has its special
area of application. V is defined as

V — E~/EJ (11)

z0

and 2 as

Z — E / H
_j 

(12)

z—0

where both quantities are evaluated at the earth ’s surface z — 0. This
definition automatically applies to the ground wave, but for a sky wave
the grazing angle of incidence 4, must be near zero degrees.

V and 25 are complex quantities and, in general, may be expressed
in terms of amplitude and phase as

V —

and
Z — lZ 8 Iet$2

—--I



•i and •2 are not generally equal. However, for an earth model
of vertically stratified, uniform homogeneous layers (the standard
model for data comparison) •~ — •2 and both will be referred to as •.In this case,

Z 41 1c V ( 13)

so that and V convey the same information. Equation 13 and subse-
quent formulations apply to both ground and sky waves.

The surface impedance above a homogeneous model earth is well
approximated for either ground or sky waves at frequencies below about
10 MHz by the formula

Z = Z / n  (14)

where n is the index of refraction and is expressed as

fl _ JK
_
~~~~~ . ( 15)

For most earth materials, dielectric effects can be neglected at
frequencies below about 1 MHz. In this case

z ~~~~~~~~ et45 . (16)

When the earth consists of uniform homogeneous layers, equation 13 still
holds but the Z5 or V dependency upon p and layer depths becomes more
complicated. Conmion practice is to define an apparent resistivity 

~afrom the homogeneous earth model and relate it to W or Z5 through theamplitude inversion of equations 13 and 16 as

Iz 1
2

W)1
0 

(17)

or

(18)

These formulas will give a good approximation to the actual resis—
tivity if the earth is homogeneous to at least the skin depth 6.

Where the earth’s conductivity is layered , equation 17 must be
modified to account for the various layer depths and layer resistivi—
ties. Wait (1970) presents a simple scheme for generating Z5 or V
values above any number of plane, parallel layers. Wait (1970) and

12
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others (e.g. King 1968) have also shown that specifying a priori the
plane wave surface impedance as a boundary condition along the air—earth
boundary is equivalent to accounting for all the layer parameters for
solving the propagation problem. Present theoretical practice (Ott 1971,
Johier 1975) is to extend this idea by replacing all variations in earth
conductivity and topography with an equivalent surface impedance when
predicting the propagation of low frequency radiowaves. In support
of this idea, Hughes and Wait (1975) have calculated surface impedance
values above layers of varying depths (Figure 7).  Their results show
that the local surface impedance could correspond to the local layering
very well, giving values equivalent to those for an infinite horizontal
extension of the local vertical stratification.

C. Dielectric Effects

It has been assumed so far that the effects of displacement currents
are negligible compared to those of conduction currents. Mathematic-
ally, this is expressed using the two terms of the index of refraction
n (equation 15) as

I~ >~~~K .  (19)u c p
0

Where this inequality does not hold, both apparent resistivity and
phase as determined by the surface impedance will be misinterpreted.

Figures 8, 9 and 10 show apparent resistivity and phase as a
f unction of frequency for a homogeneous model earth of various values
of p and K. The bands marked VLF, LF, and BCB cover those frequencies

13
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FIGURE 8. APPARENT RESISTIVITY (SOLID) AND PHASE
(DASHED ) AS A FUNCTION OF FREQUE NCY FOR A HOMOGENEOUS

MODEL EARTH OF 100 OHM—M RESISTIVITY AND VARIOUS VALUES
OF PERNITTIVITY. Insignificant devia~ions from trueresistivity (100 ohm—rn) and phase (45 ) take place
in the VLF and LF bands. In the BCB, a permittivity
K — 80 (water) will significantly lower both apparent
resistivity and phase.
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FIGURE 9. APPARENT RESISTIVITY (SOLID) AND PHASE
(DASHED) AS A FUNCTION OF FREQUENCY FOR A HOMOGENEOUS

MODEL EARTH OF 1000 OHN-M RESISTIVITY AND VARIOUS VALUES
OF PERNITTIVITY . Significant changes occur only in the
BCB for th. range of permittivities expected at this
value of resistivity.

14 

~~~~~~~~~-~~~~~~
-

~~~~~~~~~~~~
- - --• - - . .



• 
~~~~~~w••-_~~~~~~~~~~~~~~~~~~~ 

-
— —  •___•_ ___________ 

• •
- ~~~~~~~~~~~~ 

- • • - • —- —

2 r 1~~~~~~~ 1~~~~1 ’ 1 ’
• p .I0.0OO ohrn~m

6 
~~~~~~~~~~~~~~~~~~~~~~~~~~

VLF- 

_ _ _ _ _ _ _ _ _ _  

—LF— 

_ _ _ _ _I~~~~ I I ~~i _____

to’ to’ 0’ tO’
Fr.qu.ncy (Hz)

FIGURE 10. APPARENT RESISTIVITY (SOLID) AND PHASE
(DASHED) AS A FUNCTION OF FREQUENCY FOR A HOMOGENE-
OUS MODEL EARTH OF 10,000 OHM—M RESISTIVITY AND TWO
VALUES OF PERNITTIVITY. Significant changes occur
in both the LF and BCB ranges for the range of per—
mittivities expected at this value of resistivity.

where transmitters are presently operating. Figures 8 and 9 reveal
that dielectric effects are insignificant in the LI and BCB ranges
f or the normal ranges of permittivity encountered at 1000 ohm—in or less
(e.g. fresh water is usually at 100—300 ohm—in and (—80 while dry earth
materials at about 1000 ohm—rn usually have K values of between 3 and
10). Figure 10 shows that, at resistivities of about 10,000 ohm—rn
or greater, dielectric properties significantly influence apparent
resistivity and phase in the LF band and above. For example, at 300
kHz the value K = 10 (e.g. granite) depresses the actual resistivity
to an apparent value of 5600 ohm—rn and gives a phase value of about
17°. Values above or below 450 normally Indicate resistivity g~-adients
with depth (see Chapter III), but in this case the material is homo—
geneous.

III. AIRBORNE APPROACH TO GROUND RESISTIVITY MAPPING

A. General

This chapter discusses the use of VLF signals to aid large—scale
• LF ground conductivity mapping of the contiguous 48 United States. The

limited range of existing LF transmitters and the necessity for constant
retuning to the numerous frequencies used would nullify any possible
large scale use of the airborne techniques at LF. VLF transmitters,

• however, have ranges of thousands of kilometers. Therefore, if regions
can be foun d where airborne measured partial apparent resistivity at
VLF closely approximates the total apparent resistivity at LF , this
large range may be extremely useful.

15 
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FIGURE 11. FRONT VIEW OF AN AIRCRAFT SYSTEM OF CROSSED DI-
POLES FOR MEASURING THE WAVETILT COMPONENTS E

~ AND E
~
. The

aircraft flies orthogonally to the transmitter direction.

B. Airborne Quadrature Wavetilt Measurements

In Chapter I it was briefly mentioned that only the quadrature
value of the complex wavetilt can be measured from an aircraft. Here,
we will discuss this more thoroughly and show how this shortcoming may
be used to advantage for LF conductivity m apping.

In the airborne system illustrated in Figure 11, horizontal and
vertical electric dipole antennas are mounted on a nose cone extending
from a Short Take Of f and Landing (STOL) aircraft. The horizontal
antenna is mounted orthogonally to the long axis of the nose cone.
The aircraft must then fly perpendicularly to the transmitter direction
for maxi mum coupling with E

~
. This allows the more intense E

~ 
to

couple with the horizontal antenna when the aircraft rolls so that
only the total E

~ 
and the component of E

~ 
in quadrature phase with

can be measured successfully to determine a wavetilt value Wq~

Expressin3 the wavetilt as a complex quantity,

w — ~ (cos$ + isin~) (20)

where 4 is the phase angle and the parallel bars denote the absolute
value of the wavetilt amplitude. The quadrature wavetilt value V
is then 

q

Wq 
— 1w ! sin 4 . (21) 

-

Since Wq does not equal the actual W except when the phase angle
is 450 , a phase angle must be arbitrarily assumed in trying to approxi-
mate the true value of W. An angle of 45 0 is the usual assumption.
The formula for converting Wq at 45 0 to apparent resistivity, defined
as Pq in this case, is then

21W !
2

Pq 
— wc0 

(22)

16
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which gives the correct value of resistivity only for a homogeneous
earth. is related to 0a by the formula

Pq 
= 2 

~a 
~~~~ (2 3)

When the earth is layered, the amplitude and phase of W change
according to the resistivities and layer dimensions involved. For
vertically stratified homogeneous layers, the phase varies between 0°
and 900 . In general, the following rules apply :

1) Phase angles >45° indicate that resistivity is decreasing
with depth.

2) Phase angles <45° indicate that resistivity is increasing
with depth .

Since p biases the actua l apparent resistivity 
~a by the factor

2sin24, Pq w~ll always be more indicative of the surficial layers because,
when rule 1 app lies , 2 sin29>1 , and when rule 2 app lies , 2 sin24< 1. This
may then allow Pq at VLF to closely approximate 

~a 
at LF since LF waves

penetrate less deeply than VLF waves under any resistivity condition,
as was shown by the skin depth formula (equation 6) .

Figures 12 and 13 illustrate some specific comparisons between the
variations with layer depth of Pq at 20 kHz (VLF) and those of at 300
kHz (LF) for various two—layer earth models. Figure 12 is of prime
importance because the models consider a less resistive second layer
which is a cotmuon si tuation encountered in the contiguous 48 states in
areas of no relief ( the decrease in resistivity with depth is due to
the increase of moisture content with depth). Although the values are
not identical , there is a close proximity in value for many cases for
first layer depths of less than 20 in.

C. Resolution Considerations

Presently, the airborne wavetilt method is used for small scale
geophysical surveying wherein flight altitude is maintained between
75 and 150 in depending on the severity of the topography and flightline
spacing between 100 and 400 in. At these altitudes, which are much less
than a VLF wavelength (15 1~n at 20 kHz), an approximate measure of the
resolution of the airborne antenna is arrived at from the directivity
pattern of an electrically short dipole in the near field (quasi—static
zone) which is the region within a wavelength’s distance from the antenna.
In this region the intercept of the —10 db field strength contour (rela-
tive to the ground point directly below the aircraft) with the ground is
a circle of approximately 2 h diameter where h is the survey altitude.
2 h is then usually chosen for the flightline spacing.

D. Range and Altitude Considerations at VLF

Analysis in Watt (1967) shcMs that at VLF the total field at
ground level is essentially equal to the ground wave field out to about

i7
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FIGURE 12. CURVE S OF 2-LAYER EARTH APPARENT R E SI S T I Vi TY  AS
MEASURED AT 20 KHZ (SOLID) AND 300 KRZ (DASHED) . The 20 kllz
curves are of and the 300 klIz curves are of t

~a~ 
A di-

electric permittivity of 10 has been assumed for all layers.
Layer resistivities are in ohm—rn.

400 km. From 400 to 800 km the f irst  hop sky wave makes an appreciable
contribution and predominates beyond about 800 km. The grazing angle of
incidence 11 for the f i rs t  hop sky wave (see Figure 4 ) ,  which must be
near zero for this method to be of use, decreases with range from about
27° at 300 km to 90 at 1500 km.

Figure 14 shows the variation of with altitude, parametric in
~~~, for a homogeneous flat ‘narth model. The curves show serious degra-
dation of apparent resist’..vity at the larger values of i,U when the survey
altitude is increased beyond 100 m . Beyond the 1500—lan range where

~ < 9°, survey altitude may be increased to as much as 1 km without
serious degradation. Since 1 kin is still a small fraction of a free
space VLF wavelength, ground level would still be in the near field of
the airborne antennas. The ground resolution at this altitude is approx-
imately irh2(km2) or about 3.1 km2.
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FIGURE 15. CALIBRATED ALTIMETRY (BROKEN) AND NORNALIZED E~j  AND
E
~ 

(SOLID) PROFILES OVER THE DEBOUILLIE MOUNTAIN AREA IN NORThERN
MA~NE. The profiles and those of FIgure 16 are not exactly coinci-
dental with each other or with the topographic profile because of
changes in flight speed at the different altitudes. Over the
ridges E is always enhanced. At 600 in the E5i disturbances have
nearly d~sappeared while those of Exq have retainec~ much of their
lower altitude strength.

E. Topographic Effects

The work of Harrison et al. (1971) and Arcone (1977) showed that
the vertical electric field E

~ 
of VLF waves may enhance by as much as

6 db immediately above prominent topographic relief, but that the effect
becomes negligible at an altitude equal to approximately twice the height

20
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FIGURE 16. APPARENT RESISTIVITY PROFILES COMPUTED FROM THE VALUES
OF Exq AND E

~j 
OF FIGURE 15. At 600 in the perturbations have de—

creased but the mean is still comparable to those of the lower
altitudes . The solid lines are computed directly from E

~j 
and

E a of Figure 15 while the broken lines use the constant values
o~ E~ for E1i, thus topographically correcting the solid profiles.
Mean values (the prime quantity refers to the broken curve) are
given at the right of the profiles.

of the relief (all quantities measured from sea level). Arcane’s
work also showed that this effect does not happen to the component of

in quadrature phase with E
~
, allowing airborne VLF resistivity values

to be modified for topographic effects by modifying only E
~
.

Some of Arcone’s profiles of VLF field strengths and apparent
resistivity at various altitudes above a small mountain range in
northern Maine are presented in Figures- 15 and 16. Figure 15 shows

21
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the variations in both E2i (i refers to in—phase) and E~ 
(q refers to

quadrature phase) at several mean altitudes. Both quanthies are
normalized by the field strength level that occurs over an area of no
relief which is Gardner Pond. As altitude is increased, the E~iperturbations reduce to zero whereas the perturbations in Exq persist
more strongly. Figure 16 then shows two sets of apparent resistivity
profiles. One set is computed directly from the field strength profiles,
while for the other set the topographic perturbations of E

~ about a
reference level E0 taken over no relief have been removed . As altitude
is increased , the two profile sets merge while the mean resistivity
level remains comparable for all altitudes. Therefore, at altitudes
above topographic interference, VLF can be used for large scale resis-
tivity mapping.

Although the profiles of € igure 16 suggest that topographic cor-
rections are possible for low altitudes, it must be realized that E
also depends on range (e.g. see equntion 2) so that the above correction
scheme applies only to very local surveys. For very large surveys, over
topographic relief, high altitudes of at least twice the maximum relief
would have to be maintained .

F. Conclusions

The use of airborne mapping of ground conductivity at VLF for LF
engineering purposes must be subject to the following:

1) The area must be dominated by either the ground wave or the
first order sky wave incident at a grazing angle near 00. Areas of
comparable field strength from each mode would be subject to inter-
ference effects between the two modes. This is not so bad in itself
if field strength levels remain sufficiently high at interference minima.
However, in these areas the VLF sky mode would be incident at too large
an angle to give meaningful values.

2) The maximum flight altitude should be about 1 km. Above
this altitude apparent resistivity would seriously degrade because
of standing wave effects.

3) At 1 km flight altitude, severe physiographic relief must
be no more than about 500 m .

4) Survey areas should be those where conductivity does not
change radically with depth so that p at VLF will approximate p5
at LF. q

Figure 17 is a map of the United States in which the shaded area

• reasonably meets these requirements using station NAA in Cutler, Maine.
At 1 km altitude the optimum flight line spacing would then be about
2 km and flight lines would be oriented in parallel, concentric,
circular arcs around station NAA.
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FIGURE 17. APPROXIMATE AREA WH ERE VLF STATION NAA (CUTLER,

• MAINE) CAN BE MON ITORED FOR MEASURING APPARENT RESISTIVITY
THAT WOULD WELL APPROXIMATE VALUES THAT WOULD BE DETER-
MINED IN THE 200 TO 415 KHZ BAND .

IV. INTENSIVE APPROACH TO GROUND RESISTIVITY SURVEYING

A. General

This chapter discusses loca l resistivity surveying using the
surface impedance method at LF. The first two sections discuss trans-
mitters and the equipment used for measuring surface impedance. The
third section discusses three stuuies of ground resistivity surveying,
each performed in a different geologic and physiographic setting. The
data compilations in these studies are the same as those of about 20
other studies undertaken for this and other investigations over the
past few years and used in Chapter V. The three studies of this chapter,
however, are presented because each study contains two or more areas
mapped by Fine (1954) as different in conductivity, thus giving a few
examples where multiple comparisons can be made between BCB and LF
measurements.

B. LF Transmitters

The typical LF transmitter in the United States is a Non—Directional
• Beacon (NDB) that is a vertically polarized monopole radiating from 25

to 50 Watts at a -frequency between 200 and 415 kHz. There are about 1500
transmitters operating in the 50 states. A small percentage of these
operate at greater power levels, typically 100, 200 or 400 Watts.

The coverage for most of these beacons in the contiguous 48 states 1:
is shown in Figure 18 where the circles represent the approximate limits
to the use of our instrumentation. Within these ranges ground level
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FIGURE 19. THE GEONICS EM—32 , WHI CH MEASURES THE
COMPLEX SURFACE IMPEDANCE OF RADIO GROUNDWAVES BE-
TWEEN 200 AND 415 KHZ. The instrument is shown in
its proper measurement orientation with respect to
the field vectors E and Hx y

field strength is determined by the ground wave. The ranges were
determined by the accuracy of resistivity observations using 25— , 50— and
200—Watt beacons situated in areas where ground resistivity was typically
100 ohm-rn or less. However, these ranges are approximately true for
ground of higher resistivity also, because the increase in strength of
E
~ 

(compare equations 2 and 3) with resistivity can compensate for the
greater attenuation experienced during propagation.

The map of Figure 18 shows that the range of many 25—Watt beacons is
also covered by beacons mostly between the 200 and 400—Watt level,
with two as high as 2 kW in Galveston, Texas and Grand Isle, Louisiana.
The overlapping coverages are usually of different frequencies. Alaska
(not shown) has the greatest number of transmitters with 125. Montana,
Iowa, North and South Carolina, Indiana, Ohio and Massachusetts are
the only states with as much as 40—50 percent of their areas covered
by usable signal strength.

C. Instrumentation

The instrument used for measuring the complex surface impedance
at LF was designed and manufactured by Geonics Ltd. of Mississauga,
Ontario, and is known as the EM -32. The operation of the EM—32 instru-
ment is described in Appendix B. The instrument is represented in
Figure 19, where it is shown in its proper measurement orientation with
respect to the field vectors E

~ and 
}1~. The earth tangental E

~ 
is de-

termined between the two earth probes which are spaced 2 m apart. The
earth tangential H,~ is measured with a ferrite—loaded coil located in
the instrument hanale. The device must be pretuned to any frequency
between 200 and 415 kllz.
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As discussed in Chapter II, the surface impedance Z5 is the complex
ratio of E

~ to H,.1. The instrument converts the amplitude of Z5 to ohm—rn
of apparent resistivity by the inversion of equation 17

Jz~
2

— ( 17)

which approximately equals the true resistivity when the earth is homo-
geneous to at least the skin depth (equation 6) of the LF radiation.
The calibration range is 0-30,000 ohm—rn. The phase of Z5 is read
directly in degrees and the range is 0° to 90°. A high impedance volt-
meter is used to measure E

~ so that the contact resistance of the probesposes no problem.

Both apparent resistivity and phase are obtained by tuning for
a single, inaudible null. Therefore, the accuracy of the readings
depends on the signal to noise ratio which is mainly detetmined by
transmitter range and power for the ground wave, and by the value of
ground resistivity itself because as resistivity decreases so does
the amplitude of E

~
. Reading accuracy has been estimated at about ±5%

f or apparent resistivity and ±1% for phase within two or three miles
from a 25—Watt beacon. By about 11—16 km phase and amplitude accuracy
falls to about ±10%. These figures are estimates of the width of the
inaudible null.

D. Comparative Studies

The following studies are three of several that were made at
selected areas in the United States for the purpose of compiling a
map of United States ground conductivity between 200 and 415 kHz (Chapter
V). These studies in particular, however, were made in specific areas
where the previous conductivity mapping at BCB (Figure 1) had indicated
transitions between two or three different conductivity classes. The
studies thus allowed many comparisons to be made between the old and
the new mapping.

The areas discussed cover a broad range of geologic and physiographic
conditions. We attempted to cover all physiographic situations present
within a particular study, such as open fields, mountainsides and ridges.
The first study, in the Williatnstown, Vermont area, is a mountainous
region of thin soil over metamorphic and granitic bedrock. The second
study, in the Lake Champlain area, is primarily sedimentary bedrock, both
folded and non—folded. The third study, along the Michigan—Indiana
border, is a region of deep glacial deposits.

Each study consisted of 55 to 70 measurement stations. At each
measurement station, five to eight readings of resistivity and phase
were made and then averaged to give a reading for that particular
station. The resistivity data are presented in terms of averages and
statistical distributions because of the large variation in the readings.
The phase data were much less variable and so averages and standard

— deviations are mainly presented.
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FIGURE 20. WILLIA}ISTOWN, VERMONT, STUDY SHOW-
ING TRANSMITTER LOCATION (CIRCLE) , MEASUREMENT
STATIONS (+) ,  MAJOR GEOLOGIC BOUNDARIES (N —

METAMORPHIC SCHISTS AND SLATES , C — GRANITE)
AND BCB RESISTIVITY BOUNDARIES OF FINE (1954).

Williamstown, Vermont

Figure 20 presents a simplified map of the Williamstown area
located in central Vermont. The entire area is mountainous with eleva—
tions ranging between about 270 and 730 m. The bedrock geology is
mainly lnetamorphic* grades of slate and schist (Doll 1961), but also
includes the granite stock where the Barre quarries are located. The
surf icial geology (Flint et al. 1959) is a glacial till of probably no
more than 1 to 2—rn depth on hillsides but probably more than 10 m deep
in level pastures.

Figure 20 also shows the location of the transmitter which Is a
25—Watt NDB operating at 257 kHz. The crosses indicate where measure-
ment stations were located. The heavy dotted line divides the area
into two BCE conductivity sections mapped by Fine (1954). The BCB
Class 2 area represents resistivity values from 354 to 707 ohm—rn and
the BCB Class 0.5 area represents values from 1414 to 2829 ohm—rn.
Sixty—seven stations were established.

Figure 21 gives statistical comparisons between the BCB Class 2
and BCB Class 0.5 areas for the resistivity and phase readings . The

*See glossary for definitions of geologic terms used.

27

L i_ _ 
-  -— -



________ — — . ——— ----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

40 BCB Class 2 Arso
~927 ohm-rn

~ ‘26° tS.O.’13 )

~~2 O -

10 - I FIGURE 21. NORMALIZED
- 

- I DISTRIBUTION S OF RESISTIV-
. . ‘Ti ITY AND AVERAGES OF RE-

0 30 ‘5 8 4 2 05025 SISTIVITY AND PHASE FOR
EACH OF TUE CONDUCTIVITY

40 BCS Class 0.5 A e o  AREAS MAPPED AT BCB BY

~ :22°(SD~~l2 2°) 
FINE ( 1954 ) IN THE

~ 30 - r ) WILLIAN STOWN , VERMONT
- 

I (257 KHZ) AREA. S.D.

b 20 denotes standard devia—

10 - 

[
J~ - 

t Ion.

O 30~ (5 5 4 2
Conduct iv ity Classes

ReSiStivity Ptiose

40 • 733 Olim-m Slope ~ ~~. 40 •. 25.4 SIope~ 30

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0 3~~~ 5~~~ 4 2 ‘ 0 5 0 2 5  0 
‘0 20 30 40 50 60 10

~ 50 • 538 Ohm-rn 50 
~~~

. 19.5 Slope > 30

~~ 
Sloce’30 

Ii 40

o I L  30 
-

5 2 0  I 
L_~~~

0 0 ________

. • ~ • ~ i
( 3 0 , 5 8 4 2 03 025 •0 20 30 4C 50 60 ?0

? 40
r ~~‘9 h b 0 ~i m m  AlI Reodungs 40 

~~.24.I All Reodings

,rThJ~
J1TZ.L,~30 uS 8 4 2 I ~ 5 025 0 20 30 40 50 60 70

Conductiv it l Closges Phose d oss..

FIGURE 22. NORMALIZED DISTRIBUTIONS OF RESIS-
TIVITY AND PHASE ACCORDING TO SLOPE OF THE
TOPOGRAPHIC RELIEF IN THE WILLIANSTOWN , VERMONT ,
AREA.

28



- ---

statistics show that at LF both are nearly identical. They both have
similar means in the Class 1 range for resistivity , the mean phase
and standard deviation for phase are similar, and there is a similar
spread of resistivity values from Class 8 to Class 0.25. The average
phase readings of 22.1° and 26° indicate that resistivity is increasing
with depth from the surface so that, at BCB, the entire area is most
probably a resistivity Class 2 with no transition. For example, a
two—layer model of 125 ohm—rn material of 1.4—rn thickness above 2500
ohm—rn material will give Class 2 readings between 550 and 1200 kllz, while
at 257 kllz the model will give 922 ohm—rn at 24.6°, which is similar to
the data*. The study of Kirby et al. (1954), upon which the map of
Fine (1954) was based, shows that the nearest BCE transmitter used is
located 56 km northeast of Williamstown and that the nearest BCB measure-
ment was made 16 km from Williatnstown. Therefore, Fine’s mapping for
this area is an extrapolation.

A topograpMc analysis of these readings is given in Figure 22.
The top set of graphs is for areas where the slope of the relief t;as
less than 30°, while the middle set is for areas where the slope of
the relief was greater than 30°. For slopes greater than 30°, the till
cover was always marginal and the average of the resistivity readings
falls within Class 0.5. For slopes less than 30°, the average rests—
tivity is barely within Class 1. The phases are still comparable for
both cases. This analysis demonstrates that relief widens the dis’-
persion of resistivity values through its effect on sediment cover and
drainage. For this area1 it causes the LF average resistivity to fall
within the Class 1 designation.

The readings taken over the granite section where bedrock was
exposed were not exceptionally high, ranging individually (within each
station) from 400 to 2700 ohm—rn. However, other studies over more
extensive granite areas near Hanover, New Hampshire, revealed much
higher values In the 0.5 range.

Champlain Valley of Vermont and New York

Figure 23 presents a simplified map of the survey area situated
in the Lake Champlain Valley of western Vermont and upper New York
State. The New York shores and the islands of Lake Champlain are
fairly flat. The western end of the survey area becomes hilly while
the eastern end is the rugged terrain of the Vermont Green Mountains.
The flat areas have only a marginal marine or lacustrine sediment over-
lying limestone, dolostone, sha le, argillite, and sandstone bedrock
(Denny 1967, 1970). The New York uplands are of similar bedrock geology
only with a heavy cover of coarse glacial till. The mountainous area
of Vermont is primarily metamorphic schiats and quartzites.

A 200—Watt 1’lDB in Burlington, Vermont, radiates at 323 kHz . The
strength of this signal allowed a sector of 56 km radius to be covered.
This sector presently contains a dividing line between a BCB Class 4

*These and subsequent models are probably some of several that may
approximate the data .
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FIGURE 23. LAJ(E CHAMPlAIN VALLEY STUDY SHOWING TRANSMITTER
LOCATION (CIRCLE) , MEASUREMENT STATIONS (+) , MAJOR GEOLOGIC
BOUNDARIES (M - METAMORPHIC SCHISTS ~~~ QUARTZITES, S — SEDI-
MENTARY ROCKS) AND BCE RESISTIVITY BOUNDARIES OF FINE (1954) .

and a BCB Class 2 area. Lake Champlain is a BCB and LF Class 8 area
but is not of concern as the other areas continue extensively into
New York and Vermont. Fifty—five stations were established.

Figure 24 gives statistical comparisons between the BCB Class 4 and
2 ar eas f or the resist ivity and phase readings . The mean resistivity
of the BCE Class 4 area falls slightly above the Class 4 range (17 7— 354
ohm—rn) at 398 ohm—rn. The average phase is just  slight ly above 45 0

,

so that, on the average, earth resistIvity is probably fairly uniform
over the depth of LF radiowave penetration . For the BCE Class 2
(354—707 ohm—m) area which is a different part of the BCB Class 2 area
of the Williamstown study, the mean resistivity is 944 ohm—in and the LF
resistivity values are in the Class 1 range just as they were in Williams—
town. The marginal till cover in the mountainous regions and the meta-
morphic rocks again combine to produce these higher resist Ivities. The
average phase of 36.3° indicates that the BCB mapping at Class 2 Is
probably correct, just as it did for the Willlamstown study. The study
of Kirby et al. (1954) used one transmitter it~ Burlington, Vermont, and
one in Plattsburgh , New York. The BCB transition from Class 4 to Class 2
in Fine’s mapping compares well with our transition from 2 to 1. The
actual difference between BCB and LF resistivity may be only marginal
considering the range of each resistivity class.

A geologic analysis of the resistivity and phase readings is shown
in Figure 25. The most resistive category is the two—layer structure
of till of usually less than 1 m thickness, over the metamorphic schists
and quartzites. The least resistive category is the two—layer structure
of marine and iacustriue sediments of usually less than 1—rn thickness
over the sedimentary bedrock types referred to above. On the New York
shores of Lake Champ lain, the fine—grained sediment is only of marginal

30

_ _ _ _ _ _ _ _ _ _ _ _



F, - - -—— =
~~~~~~

-,
~~

•-
~
-------- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— - ---- 

~~
—-- -- ----‘~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
—

Till over Metamorphic
p .  1 199 ohm-rn

‘B ‘ 36° (S.D. • 10.4’)

~~~2O

j l::I
flJ±~j i

30 ‘5 8 4 2 I 05 0 25

40 BCB Class 4 Area Coorse-&roined over Sedimentory
398 ohm - m 4° • 564 ohm-rn

~~~ ‘ 46.3° (S.D.’ 9.r) 
‘B ~ 49.2° 

(S.D. ~ 6.40)

__ ~~~3O
° 20

E 20U T U L
I 

_ _

10
IC

0 30 IS B 
• 

4 2 ~0~5 0.2~
30 iS 8 4 2 I 05025

40 - BCB Class 2 Area Fine Groined over Sedimentary
fl.944 ohm-rn 40 - 

~~‘243 ohm-m
~ ‘36.3° ( S.D.’ll.9° ) 

~~= 4O.3°(S.D.~~I2.I°)

O 2o

~~~
J
f

~ 1

_ _  
~~~20

_ _  

Iii’� I O-

~ 10
0 ‘ ~ -. -- -

30 iS 6 4 2 I 03 025

Conductivity Classes 0 30 5 8 4 
• 
2 I 05025

Conductivity C lasses
FIGURE 24. NORMALIZED DISTRI-
BUTIONS OP RESISTIVITY AND AVER— FIGURE 25. NORMALIZED DISTRIBU—
AGES OF RESISTIVITY AND PHASE TIONS OF RESISTIVITY AND AVERAGES
FOR EACH OF THE CONDUCTIVITY OF RESISTIVITY AND PHASE FOR DIF—
AREAS MAPPED AT BCB BY FINE FERENT GEOLOGICAL SITUATIONS
(1954) IN THE BURLINGTON , OCCURRING IN THE CHAMPLAIN VALLEY
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thickness due to prehistoric wave action. The coarse—grained ground
moraines, alluvium, sands and gravels which overlie sedimentary bedrock
and have thicknesses of several meters or more have intermediate values.
In the New York uplands section , the depth of the coarse—grained glacial
deposits is extensive and great enough to obscure the nature of the
bedrock (Denny 1967).

Sturgis, Michigan— Angola, Indiana

Figure 26 presents a simplified map of this study area which is
located about the Michi gan—Indiana border. The area consists of a deep
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FIGURE 26. STURCIS, MICHIGAN-ANGOLA, INDIANA , STUDY
SHOWING TRANSMITTER LOCATIONS (CIRCLES), MEASUREMENT
STATIONS (+) AND BCE RESISTIVITY BOUNDARIES OF FINE
(1954).

g lacial  t i l l  landscape in a l ternat ing bands of ground and end moraine
(Flint 1959) which account for the minor topographic relief . Most of
the count ryside is cleared for corn or soy beans but there are some
small  wooded areas. Outwashes of sand and gravel are also present .

The signal strengths from two 25—Watt NDB’s situated near Sturgis ,
Michi gan (382 k l lz) ,  and Angola , Indiana (347 kHz), were sufficient to
allow areas of approximately 16—kin radius to be surveyed as shown in
Fi gure 26. The total area surveyed contains an intersection of three
dif ferent  BCB conductivity clasGes as mapped by Fine et al. (1954).
A total of 74 stations were established with 19 in the BCB Class 4 area ,
34 in the BCE Class 8 area and 21 in the BCB Class 2 area.

Figure 27 shows a statistical summary of the LF results from all
three BCE areas. The mean apparent resistivity of each area fal ls
within the Class 4 range , but with a wide dispersion of values , pr obably
due to the large dispersion in sediment grain size associated with
glacial till. In the BCB Class 4 area, the LF averages of 224 ohm—rn and
56.5° imply that, at BCB, Class 4 is probably correct. For example, a
two— layer model of 500 ohm—rn material of 4—rn thickness above 125 ohm—in
material will give Class 4 readings up to 1500 kHz, while at 365 kHz
(midway between 347 and 382 kllz) the model will give 227 ohio—rn at 55~30,
which is similar to the data. In the BCB Class 2 area, the LF averages
of 288 ohm—rn and 64.3° imply that , at BCB. Class 2 is probably correct.
For example, a two—layer model of 2000—ohm—rn material of 5.5—rn thickness
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above 90—ohm—rn material will give Class 2 readings between 600 and 1450
kllz, while at 365 kllz the model will give 289 ohm—rn at 64.7°, which is
similar to the data. The only LF results that differ significantly from
the BCB mapping are those for the BCB Class 8 area. Here the LF apparent
resistivity and phase imply that, at BCB, apparent resistivity should
be near the upper resistivity limit of Class 4 or within Class 2.
The study of Kirby et al. (1954) shows that the nearest BCB trans-
mitters monitored were located more than 48 Ion north of Sturgis and
that the nearest field strength measurements were made just at the
northern perimeter of the study area. Therefore, for this area, Fine’s
mapping is an extrapolation.

Summary and Conclusions for the Com parative Studies

There were several areas surveyed where the BCE snapping of Fine
et al. (1954) agreed with the implications of the LF data but not with
the data themselves. The western half of the Lake Champlain study
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area gave LF averages of 398 ohm—rn at 46.3°, values which indicate
average homogeneity of about the upper 18 so, and which are only mar-
ginally above the BCB Class 4 mapping . The eastern half of the Lake
Champlain study area and the western half of the Williamstown study
area, both mapped as BCE Class 2 ar eas , gave Class 1 LF averages of
944 ohio—rn at 36.3° and 927 ohm—tn at 26°, which imply that , at BCB,
Class 2 is probably correct as is the transition acr:’ss Lake Champlain .
In the Sturgis—Angola study, the LF average phases for the BCB Class
4 and Class 2 area s also indica ted tha t the BCE mapping is correct
for BCB propagation.

Disagreements between the BCB and LF results were found in the
BCB mapped Class 0.5 eastern area of the Williamstown study ~~~ BCB
mapped Class 8 area of the Sturgis—Angola study. In these cases, it is
recognized that the LF measurements may have been performed in one
particular area that was slightly more or less resistive. However , the
geology and physiography to the east of Williamstown do not differ
significantl y fr om those to the west of Williamstown or from the eastern
part of the Lake Champlain studies. It is therefore believed that topo-
graphic influences (as demonstrated in Figure 2) may have been respon-
sible for the severe attenuation of the BCE signals which gave high BCE
resistivities in northeastern Vermoi’t. In the BCB Class 8 area of the
Sturgis—Angola study, there is no possibility of topographic relief
affecting any results. The geology is almost identical to that of the
neighboring areas. Therefore, the transitions mapped in this region due
to the existence of the Class 8 area either do not exist at BCB (or LF)
or have been misplaced due to an incorrect extrapolation.

In general , it has been shown that large—scale correlations exist
between ranges and averages of resistivity and phase, and geology and
physiograp hy at LF. Material texture such as grain size, permeability,
and porosity, and terrain relief , which often controls soil cover , both
strong ly control resistivity and resistivity stratification. The in-
fluence of material texture on earth resistivity is well understood
(e.g. Keller and Frischknech t 1966) and the influence of topographic
relief is fairly obvious. However, the results as presented in Figures
22 and 25 provide good examples of the resistivity and phase values to
be found at LF. In the next chapter, these correlations are used as
guidelines for mapping LF resistivity values in unmeasured areas.

V. ESTIMATED RESISTIVITY AND PHASE NAPPING OF THE UNITED STATES
INCLUDING ALASKA

A. General

The mapping presented in this chapter is based on the studies that
we have performed near LF transmitters and on previous VLF and galvanic
studies. Our own LF studies were concentrated in three main arcas :
New England, the formerly glaciated states of the Midwest, and Alaska;
these are the areas where we believe the mapping to have the greatest
validity. Of course , it is impossible to survey the entire United States
at LF , even if the time were available , be cause of the limited coverage
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FIGURE 28. ESTIMATED U.S. REGIONS OF SIMILAR RESISTIVITY PATTERNS.
I: Formerly glaciated and b ess—covered.

II : Moderate relief and residual soils.
III: Deep , unconsolidated , coasta l deposits.
IV: No relief and residual soils.

V : Severe relief with little volcanic rock.
VI: Volcanic areas.

of existing LF transmitters (see Figure 18). Therefore, the mapping
is mainly an estimation based on known geologic correlations and topo-
graphic effects. The mapping uses the same resistivity classification
scheme of Table I that was used by Fine (1954) and is currently used
by the FAA (publication 6050.10).

The general scheme u8ed to develop the maps is as follows. First,
the United States was divided into various regions (Figure 28) within
which most of the materials that would affect  an LF surface impedance
measurement are of similar origin and type. Within these regions,
the most prevalent materials were then assigned conductivity ranges based
on our and other investigations. These ranges are given in table form
later in this chapter. We then considered the effect of geological
stratification. This was simplified by assuming that over the depth of
LF (300 kils was assumed for all cases) penetration, a two—layer model
of sedimen t over bedrock, or a dryer soil over a snore moist soil (within
the water table), was sufficient.  We then used state surficial geology
maps and topographic maps to estimate upper layer thickneas~ . and computed
apparent resisti~~ty and phase at 300 kHz.
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For many of the states , state sur f icia l  geology maps are not avail-
able and, in most cases, state geology maps are available only at scales
d i f f e rent than those of U.S. Geological Survey topographic maps. The
glacial geology m~’p of Flint et al. (1959) and the map of b ess deposits
by Thorp et al. (1952) solved many of our problems of surficial geology
fo r the 48 states and the surf icial  geology map of K.arlstront et al.
(1964) was used for Alaska. Extensive use was made of the U.S. geo-
logical highway map series issued by the American Association of
Pet roleum Geolog ists because of the detai l available and the uniformity
of scale f or the entire United States. The U.S. Geological Survey
shaded relief topographic map series was used extensively because
maps are available for all states at a scale of 1:500,000.

The numbers in the mapping indicate a certain conductivity range
(given in Table I) and are the approximate conductivity in millimhos/
meter of the midvalue of that range. In all of our investigations of
the contiguous, United States , we have never found the average resist ivity
value for an area of at least about 350 square km to exceed the Class 0.5
range or to fall below the Class 30 range. However, a good deal of
the geological material types of the United States, including the
condu ctive sediments of the Southwest , were not investigated . The mos t
conductive areas encountered were the b ess deposits of central Illinois
and the most resistive were the granites of New Hampshire. In the
latter case, some measurements at LF have been as high as 20,000 ohm—rn,
but these were isolated cases. It is mos t l ikel y that such isolated
cases would be found in the granitic outcroppings of the large mountain
ranges where sediment cover is marginal.

The mapp ing appea rs in Appendixes C, D and E in folded form, and
is grouped by adjacent states in Appendixes C1—C12. Figure 29 snows
these groupings. Appendix C13 shows urban and industrial areas where
the estimates are probably meaningless because scattering and diftrac—
tion may be more important processes affecting propagation.

B. Regional Classifications

Region I: Formerly glaciated and b ess covered.

This is the largest region and includes the New England states,
New York, northern Pennsylvania and New Jersey, Ohio, Indiana, Illinois,
Mich i - -in , northern Missouri , Iowa , Wisconsin , Minnesota , and pa rts of
North and South Dakota , Kansas, Nebraska, Oklahoma, Texas, Mississippi,
Kent ucky and Tennessee . The northern states are areas covered by
glacial deposits of ground and end moraine or by lacustrine and alluvial
deposits. The till is coarse in some areas as in parts of Wisconsin,
northern New York and northern New England , where it may also be no
more than 1 or 2 m thick in the mountainous areas. In other areas,
the till is quite fine and similar in resistivity to the b ess deposits,
a-; in Illinois. The areas of Missisisippi, western Kentucky and western
Tezinessee are covered by b ess originating in the Mississippi Valley.

Generally,  the resistivity classes assigned in Table II were used
for  this region. There are many exceptions to this scheme but , in
general , we believe that these are the most probable ranges for the
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MAPPINGS OF APPENDIXES Cl—C12.

TABLE II. RESISTIVITY CLASSES FOR EARTH MATERIAL S OF REGION I

Material Class

Marine sediments 30

Lacustrine sediments 30

Fresh water 8

Sands and gravels (mostly alluvial outwash) 4

End moraine 4

Ground moraine (depends on coarseness) 8, 15

Sedimentary rocks 8

Metamorphic rocks (primarily schists and slates) 1

Granitic rocks - 
0.5
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TABLE III. RESISTIVITY CLASSES FOR EARTH MATERIALS OF REGIONS
I I , IV and V

Material Class

Res idua l soils including valley f ill 15
Sedimenta ry rock (most ly folded) 8
Granitic rock 0.5

Metamorphic rock (primarily schists and slates) 1

Fresh water 8

TABLE IV. RESISTIVITY CLASSES FOR EARTH MATERIALS OF REGION III

Material  Class
Ma rine sediments 

- 

30

Alluvium (mostly fine grained) 15

Marl 30
Sedimentary rock 8

materials in this region. In some areas such as Michigan and Iowa,
the surficial geology is so complicated (Flint et al. 1959) that averages
had to be made for groups of materials. The two values given for ground
moraine correspond to coarse—grained moraine (Class 8) as occurs in
Iowa or Wisconsin, and to fine—grained moraine (Class 15) such as occurs
in central Illinois.

In the Midwest, bedrock resistivity values were of little concern
as the depth of the soils usually far exceeds the LF skin depth. Some
bedrock exceptions are the near surface limestones in southern Indiana,
northeastern Iowa and southwestern Wisconsin. In New England and the
Adirondacks, the metamorphic or granitic bedrock is often of primary
importance. In most of New York, the glacial till is not considered
to be of significantly different resistivity than the underlying sedi-
mentary bedrock.

Region II: Mountains and Hills of Moderate Relief with Residual Soils.

This region covers the Appalachian region of central Pennsylvania,
western Maryland and Virginia, eastern West Virginia, western North and
South Carolina, northern Georgia, eastern Tennessee and Kentucky and
northeastern Alabama. It includes the p iedmont areas of the Atlantic
coast states. In these areas we used the resistivity classifications
of Table III.
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The greatest margin for  error probab ly lies in the value assigned
for sedimentary rock (Class 8). The actual values encountered may be
as low as 20 ohm—rn for shale or even lower for coal, and as high as or
higher than 5000 ohm—in for an extremely dense or dry limestone. However,
in most of this region the depth of weathering or depth of soil is
sufficient to bring most resistivities of soils over sedimentary for—
mations down to Class 8 or lower.

Region Itt: Coastal Areas of Deep, Unconsolidated Sediment.

This region comprises the eastern and southern portions of states
that border the Atlantic Ocean and the Gulf of Mexico. It includes all
of Florida. In this region, the depth of conductive and unconsolidated
sediments generally exceeds the LF skin depth in the same materials
so that the underlying bedrock types were of little concern. The
settlement and industrialization along the New Jersey , Delaware and
Maryland coasts (shown in Appendix C13) make any ground conductivity

• estimate meaningless as propagation is probably more affected by
scattering and diffraction. The resistivity classifications for this
region are given in Table IV.

Region IV: Little or No Relief with Residual Soils.

This region covers a large portion of the Great Plains area of
Montana, North and South Dakota and Wyoming. In the Southwest it in—
cludes portions of Colorado, Texas, Oklahoma and Kansas and Arkansas.
In the East it is only a small portion of Kentucky and Tennessee.
Most of these areas consist of fine soils and/or continental deposits
overlying conductive sedimentary rock. The resistivity classifications
of Table III were used for this area.

Region V: Primarily non—volcanic areas of severe relief.

This region begins with the eastern boundary of the Rocky Mountains
and extends to the Pacific Coast. It includes the granitic batholiths
of Idaho and California, the coastal mountain ranges and the Colorado
plateau. It also includes the valleys and basins within and about
the separate ranges. It does not include the volcanic plateaus and
mountains and their associated valleys and basins; these are included
in Region VI.

In the mountainous areas we have used our own results of LF values
for sedimentary, granitic and metamorphic rocks. The validity of this
for one small area in Colorado is verified in Keller et al. (1970).
Although many areas of the Rockies were glaciated , there was no attempt
to differentiate the moraine or coarse—grain alluvium filled valleys, as
the scale involved would be too small for the purposes of this report.

The flatter , more populated valleys and basins are deeply filled
with ft he-grained , low resistivity alluvial and lacustrine sediments
and this is where the BCE transmitters that were used by Kirb y et al .
(1954) are located. Therefore, because we expect that LF and BCB values
are in the same resistivity class, we have used the BCE values for
these areas. Generally, we have used the resistivity classifications
of Table III.
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One material type encountered in Region V that is not found in
Regions I—IV (except for some metamorphic varieties) is volcanic rock,
which occurs in all states of this region. It is discussed separately
below 8ince it occurs most extensively in Region VI , especially in the
Pacific Northwest.

Region VI: Volcanic Regions.

This area is composed of the large volcanic areas of Idaho, Wash-
ington, Oregon, Nevada and California, and the smaller areas of Wyoming ,
Colorado, New Mexico, Texas and Arizona. The volcanic areas of the
Northwest are both mou ntainous and f lat (i.e. the “flood basalts” or
plateau basalts), while in much of Nevada and the Southwest the volcanic
rocks are found in individual mountain ranges. Generally, basalt is
the volcanic rock type, which, although igneous, in these areas is much
less resistive than granite because of its greater porosity and per-
meability.

Field measurements of resistivity at radiowave frequencies are
generally nonexistent for the mountainous areas. Culley et al. (1975)
list the range of values for basalt to be about 200—1000 ohm—rn . Ki rby
et al. (1954) generally assign these areas to Class 4. We have made no
measurements over volcanic flows and so have adopted the Class range
for volcanic rocks. This is used for both flat and mountainous areas
because the detritus in the mountainous volcanic areas of the west is
expected to be predominantl y coa rse—grained and probab ly within Class 4
also. In the plateau areas the soil cover is usually thin (Fenneman
1938b) and is not electrically significant. The resistivity classes
assigned to the dif ferent  materials in this region are given in Table V.

C. Phase Mapping

As was discussed in Chapter II, the actual quantity of interest
for propagation studies is the surface impedance which is complex.
The mapped resistivity is actually an apparent resistivity which is
derived from the surface impedance amplitude. The surface impedance
phase is also important for radiowave propagation studies and a very
general estimate of its variation throughout the 48 contiguous states is
given in Appendix D. The phase classification scheme used is given in
Tab le VI .

The general geological scheme used for assigning LF phase classes
is given in Table VII. Class VI areas are the most extensive and are
mainly where surficial , unconsolidated sediment such as b ess, fine—grained
till, alluvium and lacustrine deposits are of thicknesses greater than
t hei r respective LF skin depths (e.g. 9 in for 100 ohm—rn material at
300 kHz). Resistivity generally decreases with depth in these areas
becau8e materials below the water table are more conductive than those
above it. Our measurements in the Midwest at fine—grained soil sites
were within Class VI phase limits at 5 out of 8 stations. The remaining
three stations had average phases of 48 , 48.7 and 61.9 degrees.

Class III areas are mainly the igneous and metamorphic bedrock
areas of the Appalachians , Rockies and Sierra Nevadas , where resistivity
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TABLE V. RESISTIVITY CLASSES FOR EARTH MATERIALS OF REGION VI.

Mate r ia l Class

Alluvium 15
Lacustrine sediments 15

Lake water (fresh) 8

Granitic rock 0.5

Volcanic rock 4
Metamorphic rock 1
Sedimentary rock 8

*Great Salt Lake and associated salt beds <30

TABLE VI. LF PHASE CLASSES.

Class Phase Range

I 0° _ lao

II 11° — 20°

III 210 — 30°

iv 31° — 4 0°

v 41° — 50°

vi 510 — 600

VII 610 — 700

VIII 7 1° — 800

IX 81° — 900

TABLE VII . GEOLOGICAL SCHEME FOR LF PHASE CLASSES

• Geological Condition Phase Class

Basins and plains of unconsolidated sediments VI
Mountains of granitic and metamorphic bedrock III

Volcanic mountains IV

Flood basalts IV

Mountains of sedimentary bedrock V

Coarse glacial till over granitic and metamorphic V
rocks
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increases with depth because of such factors as weathering and the
decrease wi th depth of permeability and porosity of the rock types.
Our measurements in Vermont , New Hampshire and Massachusetts have
verified this. Dielectric properties are important for the highly
resistive regions and their effect may be to bower the phase also for
resistively homogeneous areas (see Figures 8—10) . In the Superior
Uplands of Minnesota and Wisconsin , the rock type is also granitic and
metamorphic, but the till is usually of sufficient dept~ to assign th is
area to Class V , as was measured at Antigo, Wisconsin (~~ — 47~~7

0
)~

The volcanic areas have been assigned to Class IV although we have
no measurements on wh ich to base this. It is , therefore , an area of
great uncertainty. Our reasoning for this c~assification of the
mountainous , volcanic areas is that solid volcanic rock may be only
slightly more resistive than the overlying erosional debris, and that
the resistivity of the area, in general , is low enough to avoid die-
lectric effects. Therefore, the Class IV range would reflect this
moderate increase of resistivity with depth. To the flatter volcanic
areas, we have also assigned the Class IV phase range because there is
usually only a thin residual soil and rubbly, more porous lava over the
thicker lava beds at depth so that here, too, we expect only moderate
resistivity increases with depth.

In the mountainous areas of sedimentary rock such as much of the
Appalachians, Rockies and the Pacific coastal mountains, the rock resis-
tivity is generally within Class 8 or the upper half of Class 15. Over-
lying soils are not expected to be of much different resistivity and
so we have assigned these areas to Class V. This would then be the
class containing the best examples of resistive homogeneity within the
depth of LF penetration.

D. Alaska

The LF resistivity and phase mapping of Alaska requires a more
extensive treatment than the contiguous 48 states because of the effect
of seasonal temperature variations. Most of Alaska is underlain by
permafrost, the resistivity of which strongly depends on temperature .
B~ definition, permafrost only refers to ground which has remained below
0 C for at least two consecutive years. Therefore, a “warm” permafrost
(i.e. within a few degrees of 0°C) consisting of a fine—grained silt in
which most of the water is not frozen because it is adsorbed on the
particle surfaces, may only be 200—400 ohm—rn, whereas at —10 to —15°C it
may be 10,000 ohm—rn or higher (Hoekstra et al. 1975). Clays and saline
sediments can exhibit resistivities less than 50 ohm—rn but still be
permafrost .

The first attempt at mapping Alaskan ground resistivity at LF
and ECS was done by Stanley (1955—1 958) who used airborne measurements
of field strength attenuation from 31 LF and BCB transmitters located
at 25 different cities or villages. According to Stanley, “Turbulent
air , poor check points or proximity to hills caused the record to
indicate considerable spread ,” so that most radials from the trans-
mitters  were flown 3 or 4 times to find an average value or values.
No attempt was made to geologically correlate the readings so that
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FIGURE 30. LF CONDUCTIVITY MAP OF
ALASKA PRODUCED BY STANLEY (1958).

Stanley ’s map (Figure 30) consists of a number of arcuate sections
that reflect the placement of the transmitters (in the arcuate valleys)
and the flight paths. Stanley ’s conductivity divisions are only slightly
different from those of Fine (1954). Very little attempt was made to
seasonally di f ferent ia te  the readings .

Resistivity measurements using galvanic, surface impedance, airborne
wavetilt and magnetic induction methods have been made over the last
several years (Sellmann et al. 1974; Hoekstra et al. 1975; Delaney et al.
1974; Arcone et al . 1978) in Alaska. These measurements have been in
the vicinities of Fairbanks , the Copper River Basin , the North Slope and
all 12 of the Al yeska pipeline pump stations. These data have been
combined with Stanley ’s data, along with the use of geologic maps
(Karlstrom et al. 1964 , Ferrians 1965) to produce an estimated LF
ground conductivity and phase map of Alaska (Appendix B). Within each
section two sets of numbers are indicated , one set for seasonal reals—
t ivitieg and ‘ne for seasonal phases . The resistivity and phase schemes
used for the various geologic materials and some of their locations are
given in Table VIII. In this table the term fine—grain refers to silts
and clay, and coarse—grain refers to sands and gravels. Deep pe rma-
fros t means greater than about 50 f t .  The term “discontinuous” is in
reference to horizontal distribution.
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VI. SUMMARY AND RECOMMENDATIONS

Summary

The important points of the first four chapters are as follows:

1) BCB mapping is inadequate for LF engineering purposes because
of BCB radiovave sensitivity to normal dielectric effects at
resistivities greater than 1000 ohm—m, inadequate earth penetra-
tion, and topographic effects.

2) Airborne VLF may possibly be used for large—scale LF mapping ,
mainly in flatter areas of the country such as the Midwest.

3) LF transmitters, though numerous, cover only about 50Z of 9
particular states, and pr obabl y not more than 20% of the land area
of the 48 contiguous states, with adequate field strength for resis-
tivity mapping using the surface impedance method.

4) There is a great deal of dispersion in apparent resistivity
values for many areas both in the BCB results as displayed by Kirby
et al. (1954) and in the LF results presented in this report.

5) Correlations between apparent resistivity and geology and
physiography exist. For example:

a) Fine—grain silts that cover much of the central U.S. are
invariably Class 30 or Class IS. Even when extremely dry conditions
prevail, these low figures may hold because of the amount of adsorbed
water that may remain.

b) Crystalline rocks such as schists and granites are in the
Class 1 — Class 0.5 range. The actual resistivity of the Un—
weathered rocks may be much higher, but dielectric properties,
weathering and the thin sediment cover usually associated with them
in mountainous settings lower their surface apparent resistivity
at LF.

c) Sedimentary rocks are generally in the Class 8—Class 4 range.

d) Unsorted sediments such as glacial till, which covers so
much of the Northeast, Midwest and upper Midwest, show the greatest
variability , but generally the values are centered around Class
15—Class 8.
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e) Topog raphy af fec ts  resistivity values through its e f fec t
on soil cover. Steep slopes are generally more resistive than
gentle slopes for a given bedrock type.

6) Phase ranges for the 48 States also correlate with geology and
physiography . The more important correlations are:

a) In areas of deep sedimentary cover, phases are generally
greater than 450• This means that resistivity decreases with depth
as would be expected from Increases of moisture with depth.

b) In mountainous areas of crys ta l l ine bedrock, phases are
general ly less than 45°. This means that resist ivity is increasing
with dept h as ev idenced by the less resistive til l cove r , a dec rease
of weathe ring with depth , and a lessening of pe rmeabili ty and
po rosity with depth.

0 0In general , phases less than 20 and greater than 70 rarel y
a re found.

With respect to the mapp ing of Chapter V 1 the following should
be noted:

1) Large areas of the country obviously were not sampled
a nd alternative sources of information had to be used . For examp le ,
the BCB values of Ki rb y et al. ( 1954) are used at LF for  the flat
areas of the West where sedimentation is deep. This is because
the BCB values show little variation and are not subject to topo-
graphic influence , the sediments are sufficiently conductive so
as not to be influenced by dielectric effects, and the sediments
are homogeneous to sufficient depth.

2 ) Many areas of the mo untainous regions are ex t remel y comp lex
geologically and the conduct ivity classes assigned are only
estimates. Generally, the greater the relief, the more weight given
to the bedrock type.

3) Of all the bedrock types, volcanic (mostly basalt) rocks were
those for which the least information was available. General ly,
these were assigned to Class 4.

4) The seasonal mapping of Alaska is based on our measurements
along the Copper River Basin — Fairbanks — Prudhoe Bay axis and
those of Stanley (1958). We disagree with Stanley ’s conclusion
of little seasonal change in resistivity values. Even over thick
permafrost where the seasonally active surface layer has thawed to
depths of only 40—60 cm we have observed resistivity changes by a
factor of 2.5 to 3 between late summer and late winter. Generally,
some of Alaska has some of the most resistive ground of all , su ch as
in the mountain ranges where resistivities are probably well over
10,000 ohm—in .
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Recommenda t ions

The most imnortant  recommendation is that  the LF conductivity map
presented here be improved based on actual field measurements. This
could be done most economically by investigating the largest areas
of similar geology and physiography. Our investigations were mainly
concentrated in the formerly glaciated states of the Midwest and New
England . Other large areas of similar geology and physiography might
be the flood basalts of the Pacific Northwest and the vast sedimentary
areas of the South and the Southwest.

It is recognized that over much of the United States LF signal
st rength is not of su f f i c ien t  amplitude to map su rface impedance . It
is the refo re recommended that  the use of commercially available instru-
ments that measure resistivity using magnetic induction and VLF surface
impedance be investigated in these areas. In the former case, easily
portable instruments give less penetration than LF and require no remote
transmitter. In the latter case, there is greater penetration than at
LF, inst rumentat ion is also portable and sufficient signal strength is
available over the entire contiguous 48 states. The data supplied by
these methods would then allow estimates of LF apparent resistivity to
be made.
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GLOSSARY OF GEOLOG IC TERM S USED *

Adsorption Adherence of molecules to the surfaces of solids
with which they are in contact. Adsorbed water in
soil is resistant to the pull of gravity and capil—
lary action.

Alluvium A general term for sorted or unsorted clay, silt ,
sand or gravel or mixtures thereof deposited by
running water in a stream bed , floodplain, delta ,
etc .

Argillite A rock derived from clays or silts but less lamin-
ated than shale and lacking the fissility of shale.

Basalt A dark to medium—dark, commonly volcanic, igneous
rock.

Clay (Mech an ica l ) A par ticle of any composition (of ten a
crystall ine fragment of a clay mineral) that has a
d iameter less than 1/256 mm. (Mineralogical) An—
h yd rous al um inum si l icate derived from feldspathic
rock by wentherfng or by preci p i ta t io n.

Cleavage The proper ty  or tendency of a rock to split along
secondary , aligned fractures  or other closel y
spaced , p la nar st ru ctu res or textures , produced
by de formation or metamorphism .

Coarse—grain Term referring to sand or gravel sized sediment.

Det ritus Loose rock and mineral debris mechanicall y eroded
and removed from its p lace of origin.

Dolomite A carbonate mineral including equal amounts of
ca lcium and magnesium.

Dolostone Sedimentary rock composed of more than 50% dolomite.

End moraine A moraine that has been deposited at the lower or
outer end of a glacier. Also called a terminal
moraine.

*Adapted from the Glossary of Geology , copyright 1972, American Geological
Institute, Washington, D.C.
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Feldspathic Term used for a mineral aggregate containing feldspar.

Feldspar A group of abundant rock forming minerals consisting
of aluminum silicates most commonl y in combination
with potassium , calcium or sodium . Feldspars con-
st i tute approximately 60% of the earth’s crust.

Ferromagnesian Term referring to the inclusion of iron and magnesium.

Fine—grain Term referring to silt or clay size sediment.

Flood basalt An extensive, thick and smooth basaltic lava flow
or successive flows accumulating to form a plateau.
Also called plateau basalt.

Foliation A general term used for a planar arrangement of
textural or structural features in any type of
rock, e.g. cleavage in slate or schi8tosity in schist.

Glacial till Unsorted , unstratified and unconsolidated mixture
general ly of clay , sand and gravel.

Granite A term loosely applied to any light—colored , coarse—
grained igneous rock. Specifically,  it refers to a
defini te  composition of quartz , feldspar and
ferromagnesian minerals.

Gravel An unconsolidated , natural accumulation of rounded
rock fragments with diameters greater than 2 mm .

Ground moraine Rock debris dragged along in and beneath a glacier
or ice sheet. After the ice has left, it refers
to the smooth, gently rolling surface of till that
remains.

Igneous Term referring to a rock or mineral that solidified
f rom a molten (maginatic) or partl y molten material .

Lacustrine sediment Fine—grained sediment deposited at the bottom of
a lake . The lake may have long since disappeared
or altered its shape.

Limestone A sedimentary rock consisting chiefly of calcium
carbonate.

Loess Windblown, sedimentary deposits primarily con—
stating of silt.
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Marine sediment Fine—grained sediment deposited beneath a sea. The
sea may have long since receded or disappeared .

Marl A term loosely applied to unconsolidated materials
consisting chiefly of clay and calcium carbonate.

Met amorphic Term app lied to a rock derived from pre~-existingrock by mineralogical, chemical and structural
changes in response primarily to changes in temp—

— erature and pressure.

Moraine Any accumulation of unsorted debris deposited by
a glacier in a number of topographic landforins .

Permafrost Ground that has remained below 0°C fo r at least
two consecutive years. The definition is based
solely on temperature and does not refer to water
content or material type .

Permeability The capacity of a porous material for transmitting
a fluid without impairment of the material structure .

Piedmont An area , plain, slope, glacier, or other feature at
the base of a mountain .

Plateau basalt See “flood basalt.”

Porosity The property of a material containing inter stices
or voids which are not necessarily connected .

Quartzite A metamorphic rock consisting mainly of quartz
and formed by recrystallization of sandstone or
other silica rich rock.

Saline Pertaining to or consisting of salt , whether whole
or dissolved .

Sand A particle of any composition (of ten a rock fragment)
having a diameter in the range 1/16—2 nm .

Sandstone A sedimentary rock of sand size particles set in —
a silty or clayey matrix and cemented usually by
silica , iron oxide or calcium carbonate.

Schist A strongly foliated metamorphic rock which can be
readily split into thin flakes or slabs; i.e. it
demonstrates the property of schistosity which is
a type of cleavage .
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Sedimentary rock A rock resulting from the consolidation of loose
sediment that has accumulated In layers.

Shale A fine—grained sedimentary rock formed by the con-
solidation of clay or silt and characterized by
finely stratified laminae.

Silt A particle of any composition (often a rock fragment)
having a diameter In the range 1/256—1/16 nun.

Slate A fine—grained metamorphic rock that cleaves along
planes Independent of the original bedding.

Surf icial geology The geology of sur f icial deposits , including rocks .
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APPENDIX B. OPERATION OF THE GEONICS EM-32 SURFACE T.MPEDAJ4CE METER

The ensuing discussion pertains to the more practical aspects of
the operation of this Instrument which was briefly outlined in Chapter
IV. The theoretical basis of the data interpretation was given in
Chapter II.

Assumptions for data interpretation

The Geonics ~4—32 is an instrument designed to measure the ratio
of the earth tangential components of the electric and magnetic fields
of a radiovave propagating over the surface of the earth. As this ratio
is a complex quanti ty,  the instrument reads both an amplitude and a
phase. The calibration c-f this amplitude and phase, however, is based
strictly on the model of a plane surface wave interacting with an earth
in which variations of electrical properties may take place only in
the vertical direction. In detail, the important assumptions are as
follows:

1) Nature of the atmospheric radiowave

The radiowave is either a classical Someerfeld—type groundwave
(see Chapter II) or a skywave that has just reflected off the ionos-
phere and is then incident upon the earth at a grazing angle 4, of 0°
(this is the angle between the wave propagation vector B and an earth
tangent directed toward the transmitter). Such a wave is assumed to
be “plane” so that the amplitude and phase of its electromagnetic field
components are uniform along infinite planes that are perpendicular
to the direction of propagation. If 4’ is greater than 0°, the instru-
ment will still perform but there is no way to tell what 4’ is so as to
make any corrections. Readings are reasonably accurate if 4’ < 100.

Commonly, LF transmitters are of such low power that only the
groundvave is important. For the few transmitters that radiate 1000
Watts or more (usually located in coastal areas), skywaves may be
usable at extended ranges. However, 4, will probably be so great as to
render the data meaningless. Generally, for a 25—Watt transmitter
measurements are confined to within about a 16—km radius, and for a
200—Watt transmitter, to within about a 57—km radius.

2) Nature of the ground structure

The fields measured at the surface of the earth are actually a
combination of the incident radiation and the radiation reflected from
the surface and the subsurface. It is assumed that the subsurface
radiation is also plane, although it attenuates exponentially along the
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direction of propagation. In order to fulfill this condition , the
variations in earth electrical resistivity must take place only in the
vertical direction. It is also assumed that the earth’s surface is
flat. This Is extremely reasonable considering that the radiowave
wavelength at an LF band frequency (e.g. 1 km at 300 kHz) is extremely
short  compared with the earth ’s radius .

The assumption of onl y vertical s trat i f icat ion is reasonable for
most physiographic settings. Earth temperature (most importantly in
permafrost areas) and ground water are significant influences upon earth
resistivity and vary mainly with depth. When layering of different
materials occurs such as with sedimentary rock strata or with stratified
glacial deposits, the layer interfaces are usually inclined no more than
a few degrees f r om horizontal. Only in mountainous settings will this
assumption be grossly violated on a consistent basis. In these cases,
experience has shown that the method gives results that are significant
of a reasonable integration of subsur face conditions, but that when
severely resistive inhomogeneities are encountered , earth induced cu rrents
may overly concentrate along more conductive adjacent zones , the reby
giving false readings.

3) Nature of the ground electrical properties

This was discussed in Chapter II in detail but wIll be reviewed
here. The most important assumption is that electrical resistivity is
the only property that influences radiowave propagation. This is an
excellent assumption for the LF band so long as electrical resistivity
is below about 10,000 ohm—rn. Above this value , dielectr ic pe rmi t t ivity
may influence the readings, as was demonstrated in Figures 8, 9, and 10.
Magnetic permeability is another basic earth electrical property but
it is fairly constant throughout nature except for some iron bearing
magnetic minerals.

When dielectric perinittivity is important , the EM—32 will still
function but data modeling must account for dielectric properties. The
most usual high resistivity materials encountered are granites, meta-
morphic rocks such as quartzites and schists, ice, and extremely dry
sands and gravels. For the rocks, dielectric permittivities of between
5 and 10 are reasonable values. For ice containing small amounts of
impurities, values between 3 and 4 are acceptable. For dry sand or
gravel , values between 3 and S can be used.

Operation

The ~4—32 is illustrated in Figure 19, Chapter IV, and reference
should be made to that illustration. The operational procedure for
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making a measurement takes less than one minute and is given as follows,
along with the reasons for following it.

1) Turn the FUNCTION knob to the FIELD position. In this position,
only the antenna coil in the instrument handle is activated and this
coil senses the radiowave magnetic field “H.~.” The operator will now
see a deflection on the NULL METER beneath ~he handle.

2) Rotate the handle clockwise or counterclockwise until a minimum is
read on the NULL METER. In this position the antenna coil is decoupled
to

3) Rotate the instrument 90° in either direction in the horizontal
plane and set it down upon the ground. Extend the GROUND PROBES out
orthogonally to the handle and insert them in the ground. The ground
probes and antenna coil are now properly aligned with respect to the
fie ld components “E ” and “H ” of the propagating ground wave.

4) Turn the FUNCTION knob to the OPERATE position.

5) Adjust the RESISTIVITY (COARSE and FINE) and PHASE knobs until a
null is achieved on the NULL METER.

The resistivity thus read is the “apparent resistivity” and is
actually a calibration of the surface impedance amplitude 1Z51 . The
apparent resistivity p is related to Z by the formula

a (A)1J
~

as was given in equation 17 of Chapter II. Therefore IZsI can always be
obtained regardless of any of the above assumptions. The instrument is
calibrated for readings between 0 and 30,000 ohin-m. Above this range,
readings will either be affected by contact resistance between the
ground and the probes or by ground dielectric properties.

Phase Is calibrated between 0° and 900 . This calibration is based
explicitly on the above assumptions of plane wave interaction with a
vertical stratification because in this model phase must lie between
0
0 and 90° with “E.,~” leading “H).” If the phase lies outside of this

range, no null can be obtained but may be approached.

It is best to take several readings over a circular area when
determining the LF apparent resistivity of a particular spot. The
radius of this area should equal at least the skin depth ~5 defined as
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by equation 6 of Chapter II where p8 is the average apparent resistivity
being measured. The reasoning for this is that waves that are scattered
from subsurface inhomogeneities will be limited in range by the skin
depth of the medium in which they occur. Therefore, such inhomogen—
eit ies may be ) etter averaged out if several readings are taken over
such an area.
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DELAWARE , KENTUCKY . MARYLAND , NORTH CAROLINA . TENNESSEE , VIRGINIA
WEST V ERG IN IA

ESTIMAT E D RANGES OF GROUND CONDUCTIVITY AS MEASURED BY THE SURFACE IMPEDANC E
METHOD BETWEE N in AND 415 KHZ. THE NUMBERS GIVEN CORRESPOND TO THE RANGES GIVEN
IN TABLE I AND ARE APPROXIMATELY THE MID-VALUE OF THOSE RANGE S IN MILLIMHOSIM.
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APPENDIX C13

Industria l and urt)a n areas where ground conduct iVity values given in Appendixes CI-C12
are likely to be ineffective. Key to the larger areas I—Boston . New York , Trenton .
Philadelph ia, Baltimore and Washin gton , DC areas; 2 - Pittsburgh , Youngstow n , and
Cleveland areas: 3 - Detroit and Toledo areas; 4 - Milwaukee , Chica go and Ga ry areas ;
5 - St. Louis area ; 6 - Dalla s and ft . Wort h areas: 7 - Houston and Ga lveston areas ; 8
San Francisco and San Jose areas : 9 - Sacramento , Modesto and Fresno areas: 10 -
Los Angeles and San Diego areas.
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APPENDIX 0

ESTIMATED RANGE S OF PHASE FOR THE CONT IGUOU S UNITED STATES AS MEASURED
BY THE SURFACE IMPEDANCE METHOD BETWEEN 200 AND 415 KHZ. THE NUMBERS
CORRESPOND TO THE RANGES GIVEN IN TABI.! V I.
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4 RESISTIViTY CLASSIFICATION L

4 Class Res. RanQe (ofri-~n) Class

30 2 2- 4 7  1

• IS 4 7 - 9 1  U
4 • 

4 8 91-177

4i ~ 
4 177-354 1
2 354 - 707 1
I 707 1414 ‘V

ApPENDIx

I ~ - 
0.5 1414 - 2829

Estimated Ra nges ot ConduCtivIt y and Dba se as meas ured by the sul-tace impeda nce
methed betwee n 2~ and 415 Khz fo r the stat e ot Alaska . Numbers to thE right of 0.25 2829 5000
the slashes a l-A est imates toT late winter and those to the left are for late suTiTTe r.
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Class 

PHASE
e
CLASSES

r~~~~~~~~~I30 22-47  1 0 - 1 0
15 47- 91 U II -20

4 8 91-177 m 2 1 - 3 0
4 (77-354 31 - 40
2 354-707 7 4 1 - 5 0
I 707- 1414 VI 51 - 60

‘ B  0.5 I414 - 2829 61 - 70
• as medsured by the surface impedance

of Alaska. Numbers 10 the rNhf of 0.25 2829 5000 71 - 80
at those to tis e left are for late summer . 
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