















































APPENDIX A



EM33

GROUND
CONDUCTIVITY
METER with
INPHASE CHANNEL

The EM38 measures the conductivity of the
ground directly in mS/m. The EM38 also
measures the inphase component of
response, which enables it to be used as a
metal detector or, for poorly to moderately
conductive material, a magnetic-
susceptibility meter.

The depth to which the EM38 measures
conductivity depends solely on the
orientation of the instrument. When the
instrument is upright in vertical-dipole mode
(as shown), depth of measurement is
approximately 1.5 m. With the instrument
on its side, in horizontal-dipole mode, depth
of measurement is approximately 0.75m.
Readings are shown on digital meters which
are mounted on the top and side of the
EM38, for convenient reading regardless of
the orientation of the instrument.

Using EM induction, the EM38 requires no
contact with the ground. As a result,
surveys can cover large areas rapidly. To
survey at walking speed, a special handle

allows the operator to carry the EM38 at
ground level.

The EMB38 is synchronized with DGPS
instrumentation to simultaneously record
positioning and geophysical measurements.

The EM38 is most commonly used during
soil-salinity surveys, in both dry-land and
imigated areas. Compared to resistivity,
EM38 surveys offer better lateral-resolution,
and much faster coverage. The EM38 can
be towed behind a skidoo or other vehicle to
efficiently cover large terrain.

The EM38 can be applied to mapping ionic-
contamination at a variety of site types
including oil and gas, salt storage and waste-
disposal. These applications make good use
of the excellent spatial resolution of the
EM38. The EM38 can also be used to
identify shallow metallic objects.

*Technical information provided by Geonics ILtd.,
Mississauga, Canada. Phone (905) 670-9580

EM38 SPECIFICATIONS

Measured Quantities: Quadrature in mS/m
Inphase in ppt, Hs/Hp

Primary Field Source (Tx):  Self-Contained Dipole Tx

Receiver (Rx): Self-Contained Dipole Rx

Imntercoil Spacing: 1.0m
Operating Frequency: 14.6 kHz
Conductivity Ranges: 10-1000 mS/m




EM31

GROUND i
CONDUCTIVITY g

METER with
INPHASE
CHANNEL

The EM31 measures the conductivity of the
ground directly in mS/m. The EM31 also
measures the inphase component of
response, which is useful for detecting
ferrous and non-ferrous buned matenal.

Two meters on the front panel of the EM31
simultanecously display conductivity and
inphase response. Readings can be taken at
successive survey stations, or continuously
along the survey hne.

Using the inductive method, the EM31
operates without the ground contact required
by conventional resistivity. As a result,
surveys can be done over highly resistive
material, such as gravel or asphalt, at the
pace of a walk.

Compared to resistivity surveys, EM31
surveys yield detailed, continuous data, with
better resolution of small changes in
conductivity. This enables the EM31 to
identify subtle changes in conductivity that
can be caused by contamination, and to

delimit affected areas with precision. Depth
of exploration is about 6 m, which makes
the EM31 suitable for many geotechnical
and environmental applications.

The EM31 is synchronized with DGPS
instrumentation to simultaneously record
positioning and geophysical measurements.
The EM31 can be towed behind a skidoo or
other vehicle to efficiently cover large
terrain.

The EM31 can be applied to mapping ionic-
contamination at a vanety of site types
including oil and gas, salt storage and waste-
disposal. The EM31 can map conductive
contamination of soil and groundwater, and
simultaneously detect buried metal, which
makes this instrument the ideal tool for site
assessment. It is most commonly used
during soil-salinity surveys.

*Technical information provided by Geonics Lid.,
Mississauga, Canada. Phone (905) 670-9580

" EM31 SPECIFICATIONS

- Measured Quantities: Quadrature in mS/m
Inphase in ppt, Hs/Hp
Primary Field Source (Tx):  Self-Contained Dipole Tx
i Receiver (Rx): Self-Contained Dipole Rx

Intercoil Spacing: 3.66 m
Operating Frequency: 9.8 kHz
Conductivity Ranges: 10-1000 mS/m




Key Features and
Benefits

» Total system solution
* Easy-to-use software
= High accuracy

¢ Real-time GIS data
collection and mainte-
nance

¢ Beacon and satellite
differential capabilities

* Supports leading GIS
database formats

* WAAS - capable

Trimble

GPS Pathfinder Systems

Versatile GIS data collection and maintenance

Trimble’s GPS Pachfinder® systems
are a family of high-performance
GIS dara collection and mainte-
nance products. These versatile sys-
temns offer a variety of software, data
collector and GPS receiver options
so you'll find one that is ideal for
your needs. Powerful and easy-to-
use, you can quickly collect quality
data for urility, urban and narural
resource databases. And as the
demand for high-quality position
and attribute information increases,
these systems allow you to updare
existing GIS data—ensuring that
your decisions are made with the
most accurate, cutrent and reliable
data available,

Easy-to-use Software
Time—saving field software is essen-
tial for productrive GIS data collec-
tion and maintenance,

With Trimble’s field software
options, you can quickly and easily
collect point, line and area features,
along with their customized attrib-
ute information. Field software
makes it easy to take existing data
from your GIS into the field for
verification and update of position
and artribute information. With
powerful navigation tools, the field
software guides you to an existing
feature or landmark using graphical
display and texrual messages.

Three options are available for
collecting and maintaining qualiry
daca while our in the field.

Asset Surveyor® software runs
on the revolutionary TSC1™ —a
rugged, weatherproof, handheld
data collector developed and built
by Trimble.

TerraSync™ software operates on
standard Pocket PC and Windows
CE devices, providing the flexibility

Powerful, rapid, aceurate data collection and maintenance

to choose from a wide range of de-
vices depending on your requirments.
ASPEN® software runs on your
pen or notebook computers, when
extra processing power or storage is
important for your field operations.

Real-time Receivers

Because you need immediate
results, the GPS Pathfinder sys-
tems family includes Trimble’s real-
time differential GPS (DGPS)
receivers, Real-time DGPS is key
for relocating existing assets and
for verifying that the correct fea-
ture is being updated.

The GPS Pathfinder Pro XRS
system integrates GPS, real-time
beacon, satellite differential and
Wide Area Augmentation System
(WAAS) capabilities.

The GPS Pathfinder Pro XR
system integrates GPS, real-time
beacon and WAAS capabilities.

The GPS Pathfinder Power

receiver integrates GPS, real-time

satellite differential, and WAAS
capabilities into a single, lighc-
weight unit.

Efficient Planning and Processing
The powerful GPS Pathfinder
Office software allows you to
quickly plan your data collection
and maintenance work and
process your field data for use in
your GIS. Important functions
such as dara dictionary creation,
data viewing and editing, and dif-
ferential correction can all be
completed with ease, GPS
Pathfinder Office software can
process real-time DGPS dara,
ensuring your data is of the high-
est quality before exporting it to
many leading GIS packages.

With powerful field and
office software and integrated
real-time DGPS, the GPS
Pathfinder systems family meets
your GIS data collection and
maintenance needs today and
into the future.



GPS Pathfinder Systems

Versatile GIS data collection and maintenance

FEATURES AND OPTIONS
GPS Pachfinder Systems Standard Features

* GPS Pachfinder Office software

* Choice of GDS receiver

* Choice of field software

* Ergonomic backpack carrying system

* Rechargeable system batteries (provide § hours of field use)
* Bactery charger and AC power supply

Optional Receiver Accessories

* Vehicle kit—includes cigarette lighter power adapter,

quick release, 2 quick-release adapters and magnetic mount.
* GPS Pachfinder Centimeter Processing option
* Rangepole bipod system

Available Receivers and Standard Features

« GPS Pachfinder Pro XRS ceceiver
* GPS Pathfinder Pro XR receiver
* GPS Pachfinder Power recciver

* 12-channel GPS receiver
* EVEREST" multipath rejection technology
* WAAS differential correction capabilities

Available Field Software

* Asset Surveyor software—for Trimble TSC1 darta collecror
* TerraSync software—for standard Pocker PC and Windows CE devices
* ASPEN software—for Windows-based pen or notcgook computers

GPS PATHFINDER PRO XR AND XRS—RECEIVER & ANTENNA SPECIFICATIONS

GPS Pathfinder Pro XR

GPS FPathfinder Pro XRS

* Integrated GPS/Beacon receiver
* Integrated GPS/Beacon antenna
* RTCM input/outpuc

* 3-meter antenna cable

* Base datalogging mode

GPS Fathfinder Pro XR receiver

* Integraced GPS/Beacon/Satellite Differential receiver
* Integrated GPS/Beacon/Satellite Differential antenna
* RTCM input/outpuc

¢ 3-meter antenna cable

* Base datalogging mode

General 12 channel, L1/CA code tracking wich carrier phase filtered measurements and multibic digitizer
Update rate 1 Hz
Power 6 Watts (max), 10 to 32 VDC

Accuracy {RMS| (Mote A]

MCORRA00 differential carrection 50 cm + | ppm on a second-by-second basis (horizontal)

Submeter + 2 ppm on a second-by-second basis {vertical)

Carrier phase processing

30 cm + 5 ppm with 5 minutes wracking satellites

20 cm + 5 ppm wich 10 minutes tracking satellites

10 cm + 5 ppm with 20 minutes tracking satellites

l em + 5 ppm with 45 minutes tracking satellites (with Centimeter Processing option)

RTCM b radio tr Better than 1 meter (Note B)

Time to first fix 30 seconds (typical)

Size I1.1 emx 5.1 emx 19.5 cm (4.4" x2.0" x 7.7")

Weight 0.76 kg (1.68 Ibs)

Temperature -30° C w0 +65° C (-22° F 1o +149° F) (operating)
~40° C to +85° C (-40° F 0 +185° F) (storage)

Humidity 100% fully sealed

Casing Dustproof, splashproof, shock resistant; sealed to 5psi

GPS Pathfinder Pro XRS receiver

Specifications for the Pro XRS receiver are the same as for the Pro XR receiver with the following exceptions:

Power
Accuracy (RMS) (Note A)
RTCM satellite differential correction

7 Watts (max), 10 to 32 VDC

Berter than 1 meter (Note B)



GPS Pathfinder Pro XR antenna

General

Sixe

Weight
Operating temp
Storage temp
Humidity
Casing

GPS Pathfinder Pro XRS ancerina

Righe-hand, circular polarized; omnidirectional; hemispherical coverage
15.5 cm diameter x 10.8 cm high (6.1" x 4.2")

0.49 kg (1.08 lbs)

-30° C o +65° C (=22° F to +149° F)

~40° C to +85° C (—40° F ro +185° [})

100% fully sealed

Dustproof, waterproof, shock resistant

Specifications for the Pro XRS antenna are the same as for the Pro XR antenna with the following exceptions:

Size
Weight

GPS PATHFINDER POWER RECEIVER/ANTENNA SPECIFICATIONS

15.5 cm diameter x 14 cm high (6.1" x 5.5")
0.55 kg (1.2 Ibs)

* Integrated GPS/Satellite Differential receiver and antenna ¥

* RTCM input

General

Update rate

Power

Accuracy IRMS| (Note A)
MCORR400 differential correction

Carrier phase processing

RTCM satellite differential correction
Time to first fix
Size
Weight

Temperature

Humidity
Casing

Logging memory
Size

Weight
Operating temp
Storage temp
Humidity
Display

Power

(footnotes)

-.TRIMBLE TsC1 DATA COLLECTOR SPECIFICATIONS

12 channel, L1/CA code tracking with carrier phase filtered measurements.
1 Hz
3.1 Warts, 910 32V

Submeter + 1 ppm on a second-by-second basis (horizontal)
Submerer + 2 ppm on a second-by-second basis (vertical)
30 em + 5 ppm with 5 minutes tracking satellites

20 cm + 5 ppm with 10 minutes tracking satellires

10 cm + 5 ppm with 20 minutes tracking satellires

Lcm + 5 ppm with 45 minuces rracking satellices (with Centimerer Processing option)
Better than 1 meter (Note B)

30 seconds (typical)

15.2 em diameter x 12.7 cm high (6" x 5")

0.625 kg (1.38 Ibs) .

=30° C to +60° C (=22° F 1o +140° F) (operating)

—-40° C 1o +80° C (—40° F to +176° F) (storage)

100% fully sealed

Fully sealed, dustproof, waterproof, shock resistant

2 MB, memory extension through user accessible Type 11 ATA PC card slot (Note C)
26.7cmx 11.7 cm x 4.2 cm (10.5" x 4.6" x 1.65")

0.85 kg (1.875 lbs), including rechargeable Lithium lon batcery

-30° Cto +65° C (-22° F to +149° F)

-30° Cro +80° C (-22° F to +176° F)

100% fully scaled against sand, dust and moisture, buoyant, waterproof against accidental immersion
240 x 200 extended temperature graphics STN LCD display

<1 Wart

Note A: At least S sacellites, PDOP <6, signal to noise ratio 26, satellite elevation mask ar 15 degrees.
Note B: RTCM SC-104 standard formar broadcast Jroni a Trimble reference station.

Nore C: Memory extensiou chrougly wser-accessible Type I PC card slot. 16 MB PCMCIA Dara Cards ave quailable (33050-16)

Trimble follows a policy of continuous product improvement. Specifications are therefore subject to change wishoue prior notice.

ORDERING INFORMATION

For further infarmation, contact your nearest Trimble Authorized Distributor or Trimble Office. Please visit our web site at www.trimble.com
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Trimble

Pathfinder Office Software

GPS Data Processing Software for Microsoft Windows

Powerful software for planning and
processing mapping and GIS data
capiure projects,

Built on the solid foundation estab-
lished by PFINDER software,
Pathfinder Office™ is the next genera-
tion of Trimble’s GPS planning and
dam processing software and is an inte-
gral part of the GPS Pathfindec™ prod-
uct line. The software is Microsoft
Windows-based and is designed for
ease-of-use and high productivicy.

The software provides all of the
tools to complete your projects quickly.
GPS Planning software is fully inte-
grated with Parhfinder Office.
Planning your data collection sessions
is 2 simple task that les you make the

most of field dara collection time.
The Dara Dictionary Editor lets
. you build custom data collection menus
to be uploaded to your data collector.
Items can be quickly added, edited,
and moved within the data dictionary.

A graphic display makes the process far
easier by helping you understand the
structure of the da dictionary at a glance.
With Pathfinder Office’s Batch
Processor, you can automare your
worlkflow. Data can be transferred

from your data collector, differentially

corrected, and exported to your GIS or
CAD system as a single automated
function. After your data has been

processed, you can print it ot plot it to

scale using a pen plotter.

A carrier phase processing module
for high accuracy positions is a stan-
dard component of the Pathfinder
Office system. Using this processing
system, you can achieve accuracies in
the range of 10 to 75 centimerers,
depending on which GPS Pathfinder
product you are using.

Pachfinder Office software makes
exporting GPS data o your GIS or
CAD system a simple process. Para-
meters for exporting data can be set up
in-the system once and saved for use

on future projects. This allows you to
export data withourt going through
setup each time.

With Pachfinder Office software,
you can display a background map.
behind your GPS data. This allows
you to see where you have collected
data and how it relates to features for
which you already have information,
such as roads or property boundaries.
Data formats for background files
indude DXEF, Shapefile, BMP, and TIFE

" The Time Line window lets you
visualize your dara from a chronological
point of view. For example, if you
wanted to review data collected before
a lunch break, you could look for that
time period on the Time Line. High-
lighting the feature on the Time Line
also highlights it on the map display.
 Pathfinder Office softwate sets a
new standard for GPS planning and
processing software, It provides all che
tools needed to make your GPS data
collection easy and successful.




Pathﬁndef Office Software ‘

GPS Data Processing Software for Microsoft Windows

Pathfinder Dffice Software Capabilities

« Automared workflow with Batch Processor

= Export to most major GIS and CAD systems

= Carrier phase processing for high accuracy positions

= Display background maps behind GPS data

» Review and edit attribute data

» Import GIS files and take them to the field

» Time Line for chronological view of GPS data

+ Microsoft Windows-based—Windows 3.1 or later,
Windows 95, Windows NT 3.51 or later

 Advanced daca dictionary editor

* Quick Plan software for session planning

* Custom coordinate system editor

~ Full project control

¢ Waypoint manager lets you create locations for navigation

+ Support for printers and pen plotters

* Plots to scale

¢ Compatible with laser printers

Standard Components

* 3.5” Software Diskettes

= Software CD

s -Software Security Key (not included with upgrades)
* Activarion Disk

» Printed Manuals

» On-Line Help

» Tutorial and Sample Files

Ordering information

Computer Requirements _

Recommended Configuration:

Computer: Pentium mictoprocessor with 12 MB of RAM,
_ a 100 MB hard drive, and a CD-ROM drive
Dperating System: Microsoft Windows 3.1 or later; Windows 95;
. or Windows NT 3.51 or later
Minimum Configuration: .
Computer; 80486 microprocessor, 8 MB of RAM,
7 and an 80 MB hard disk ’
Operating System: Microsoft Windows 3.1 or later

GEO-PC to Pathfinder Office
upgrade Part Number 31307-00
PFINDER to Pathfinder Office
u ¢t PFINDER
Support Agreement required Part Number 31308-00
PFINDER to Pathfinder Office
upgrade —no Support Agreement
required Part Number 31309-00
Trimble followu a policy of convinuasa product improvement,
Specifications are thus subject tv change without notice.
. ] _ Trimble Navigation Limited Trimble Navigation Europe Limited Trimble Navigation Singapace ‘PTE Limited
ﬁ;—, ‘ rl m e Mapping & GIS Systems Division Trimble House, Meridian Office Park 300 Beach Road
L g 485 Potrero Avenue Qshorn Way, Hook #34-05 The Concourse
Sunnyvale, CA 94066 Hampshire RG27 9HX UK. Singapore 199555
1-800-645-7762 in North America +141256-760150 SINGAPQGRE
+1-408-481-8340 +44 1256-760148 Fax +65 296-2700

+1-408-481-7744 Fax
hitp:/Awww.trimble.com

+65 296-8033 Fax
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I. INTRODUCTION

The measurement of terrain resistivity to map geology has been
utilized for over half a century. Several shortcomings, however,
have prevented this technique from being widely accepted for en-
gineering purposes. The first of these is that conventional galvanic
resistivity surveys require a relatively large amount of manpower to
execute and are thus expensive. Secondly, the actual value of resis-
tivity itself is seldom diagnostic; it is the lateral or vertical variations
of resistivity which form the basis of any interpretation. However
the high cost of resistivity surveying generally means that fewer
measurements are made than would be desirable, with the result
that either (i) the survey area is not made large enough 1o establish a
reasonable background against which the anomalous areas are to be
delineated or (ii) the anomalous arca itself is obscure and lacks
definition. ‘

An additional problem inherent to conventional resistivity tech-
niques is that although the effective depth of exploration is deter-
mined by the selected inter-clectrode spacing, resistive in-
homogeneities which are small compared to this depth but which are
located near the potential electrodes can cause a significant error in
the measurement. Such fluctuations in the measured results are
truly geological ‘‘noise’’ because it is not possible to determine the
physical size, resistivity contrast, or location of the source. As a
result of such inhomogeneities resistivity profiles carried out at
constant interelectrode spacing tend to be noisy, limiting the resol-
ution in resistivity that can be achieved, even though the in-
strumentation itself is capable of producing much higher accuracy.

It was an awareness of both the advantages of resistivity for
engineering geophysical surveys and the disadvantages of conven-
tional resistivity techniques that led Geonics Limited to examine the
possibility of employing electromagnetic (inductive) techniques as
an alternative for resistivity surveys. With the development of the
EM31 and the EM34-3 it is now possible to map terrain conductivity
virtually as fast as the operator(s) can walk; furthermore the sample
volume is averaged in such a manner as to yield unexcelled resolu-
tion in conductivity.

These patented instruments have been designed to cover the
range of depths generally useful for engineering geophysics; the
EM31, one-man portable, has an effective depth of approximately 6
meters and the EM34-3, two-man portable, has stepwise selectable
depths from 7.5 meters to a maximum of 60 meters.

Typical applications for the EM3] and EM34-3 instrumentation
are:

(i) Delineating regions of permafrost (frozen pore water)

(ii) Locating gravel

(ili) Extending known gravel deposits
(iv) Mapping saline intrusions
(v) Detecting cavities in carbonate rocks
(vi) Mapping pollution plumes in groundwater
{vii) Mapped bedrock topography
(viii) Mapping terrain conductivity for electrical grounding
{ix) General geological mapping (soil types, fault and fracture
zones, etc.)
(x) Archaeological exploration’
(xi) Locating pipes (EM31) and metallic-type conductors

This technical note describes both the principles and the in-
strumentation employed to measure terrain conductivity using
electromagnetic techniques at low induction numbers. For a de-
tailed discussion of the concept of terrain resistivity/conductivity
and of the various factors that control this parameter the reader is
referred to Geonics Limited Technical Note **Electrical Conduc-
tivity of Soils and Rocks™.

II. PRINCIPLE OF OPERATION

The application of electromagnetic techniques to the measure-
ment of terrain resistivity, or more properly, conductivity* is not

*Conductivity is preferred with inductive techniques since the response is
genenally proportional to conductivity and inversely proportional to resis-
tivity.

FIGURE 1. Induced current flow (homogeneous halfspace).

new and excellent descriptions of this technique are given in the
literature [ 1], [2].

Consider Figure 1 in which a transmitter coil Tx energized with an
alternating current at an audio frequency, is placed on the earth
(assumed uniform) and a receiver coil Rx is located a short distance
s away. The time-varying magnetic field arising from the alternating
current in the transmitter coil induces very small currents in the
carth. These currents generate a secondary magnetic field H, which
is sensed, together with the primary field, H,, by the receiver coil.

In general this secondary magnetic ficld is a complicated function
of the intercoil spacing s, the operating frequency, f, and the ground
conductivity o. Under certain constraints, technically defined as
**operation at low values of induction number’’ (and discussed in
detail in the appendix) the secondary magnetic field is a very simple
function of these variables. These constraints are incorporated in
the design of the EM31 and EM34-3 whence the secondary magnetic
field is shown to be:

H, _ iwp,os?
=4
where H, = secondary magnetic field at the receiver coil
H, = primary magnetic field at the receiver coil
w = 2nf
f = frequency (Hz)
M, = permeability of free space
o = ground conductivity (mho/m)
s = intercoil spacing (m)
i=,/-1

¢y

The ratio of the secondary to the primary magnetic field is now
linearly proportional to the terrain conductivity, a fact which makes
it possible to construct a direct-reading, linear terrain conductivity
meter by simply measuring this ratio. Given H,/H, the apparent
conductivity indicated by the instrument is defined from equation
(I)as

o= i (1) @

Wik, S "
The MKS units of conductivity are the mho (Siemen) per meter or,
more conveniently, the millimho per meter.
INl. INSTRUMENTATION

The EM31 (shown in Figure 2) has an intercoil spacing of 3.7
meters, which yields an effective depth of exploration of about 6
meters. The instrument can also be operated on its side, in which

5



FrouRre 2. EM31 in field operation.

case us will be seen in Section 1V the effective depth of exploration
is reduced to approximately 3 meters. The instrument is one-man
portable and can be used either in “'station-by-station™ mode or
read continuously. The presence of layering in the earth cun be
detected by raising the instrument and noting the readings as a
function of instrument height. IT the earth is two-layered the con-
ductivity of both layers and the upper layer thickness can be
resolved. )

The EM34-3 which is two-man portable has the two coils flexibly
connected (Figure 3). The intercoil spacing is measured electroni-
cally so that the receiver operator simply reads a meter to accurately
set the coils o the correct spacing, which can be 10. 20. or 40 meters
s0 as to directly vary the effective depth of exploration as shown in
Table 1.

Figure 3. EM34-3 in fieid operation.

TanLe 1. Exploration depths for EMM-3 at various intercoil
spacings

Exploration Depth (meters)

Intercoil Spacing

(melers) Harizontal Dipoles Vertical Dipoles
1] 7.5 1M
X IS 0
40 LIV 60

To measure terrain conductiv ity the transmitter operator SLops at
the measurement station: the receiver operator moves the receiver
coil buckwitrds or forwards until his meterindicates correctintercoil
spacing and he reads the terrain conductivity from a second meter.
The procedure takes 10 to 20 seconds. The coils are normally
carried with their planes verticul (horizontal dipole mode) since in
this conliguration the measurement is relatively insensitive to mis-
alignment o the coils. In the event that the greater depth of penetra-
tion resulting when the two coils are in the vertical dipole mode is
desired. more care must be taken with intercoil alignment. Because
of the relatively short intercoil spacing correct alignment is usually
not difficult to achieve.

Both instruments are calibrated to read terrain conductivity in
millimhos per meter. To convert these readings 1o resistivity (in
ohmmeters) one simply divides them into 1.000. i.e. 50 millimhos
per meter is the equivalent of 20 chmmeters,

IV. SURVEY TECHNIQUES AND INTERPRETATION

For either the EM31 or EM34-3 it can be shown that in a homo-
geneous or horizontally stratified earth the current flow is entirely
horizontal. Furthermore under the constraints by which the instru-
ments are designed the current flow at any point in the ground is
independent of the current flow at any other point since the magnetic
coupling between all current loops is negligible. Finally, under these
constraints the depth of penetration is limited only by the intercoil
spacing. We say that the depth of penetration is **source’ or
‘-geometry '’ limited rather than “*skin depth*" limited since it is now
controlled by the fall-off with distance of the dipolar transmitter
field. For this reason all dimensions are normalized with respect to
the intercoil spacing in subsequent sections of this technical note.

IV. 1. Instrumental Response as a Function of Depth (Homogencous
Halfspace)

Consider a homogeneous halfspace on the surface of which is
located an EM31 or an EM34-3 transmitter as shown in Figure 4.
Fixing our attention on 4 thin layer of thickness dz at depth z (where
z is the depth divided by the intercoil spacing s) it is possible to
calculate the secondary magnetic field in the receiver coil arising
from all of the current flow within this or any other horizontal thin
luyer. One can thus construct the function ¢y{z) shown in Figure 4
which describes the refative contribution to the secondary magnetic
field arising from a thin layer at any depth z. We see from this figure
that material located at a depth of approximately 0.4 s gives maxi-
mum contribution to the secondary magnetic field but that material
at a depth of 1.5s still contributes significantly. It is interesting to
note that the ground at zero depth. i.e. the near surface material,

o

' 1 -
LI : .
/dD“ ¢l. i .
R . -
'

FIGURE 4. Relative response versus depth for vertical dipoles. @.(2) is the
relative contribution to H, from material in a thin layer dz located at (nor-
malized) depth z.



FiGure 5. Relative response versus depth for horizontal dipoles

makes a very smalt contribution to the secondary magnetic field and
therefore this coil configuration is insensitive to changes in npear
surtfuce conductivity.

Figare § illustrates the function of Figure 4 for the case of both
transmitter and receiver dipoles horizontal coplanar rather than
vertical coplunar. For the coil configuration of Figure § (commonly
used for the EM34-3 since itis less critical 1o intercoil alignment) the
relutive contribution from material near-surface is large and the
respanse falls oft monotonically with depth.

A comparison of the function ¢ for both coil configurations in
Figure 6 emphasizes the different manner in which they respond to
material at different depths. The difference is important since either
instrument can be rolled over so that the vertical dipole transmit-
ter/receiver geometry becomes a horizontal dipole transmitter/re-
ceiver geometry and vice versa. As will be seen later, this feature is
useful in diagnosing and defining a layered earth. The figure also
shows that for regions greater than one intercoil spacing in depth the
vertical transmitter/receiver dipole gives approximately twice the
relative contribution of the horizontal transmitter/receiver dipole.

To summarize. with either horizontal or vertical transmitter/re-
ceiver dipole orientation it is possible to construct a function which

gives the relative response to the secondary magnetic field at the .

receiver from a thin layer of ground at any depth. That this is
possible arises from the fact that (i) all current flow is horizontal and
(ii) all current loops are independent of all other current loops. It
should be noted that it is not possible to construct such functions for
conventional resistivily techniques.

Finally. since as shown in Section II the definition of apparent
conductivity is given in terms of the secondary magnetic field at the
receiver, the functions in Figure 6 also give the relative contribution
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Ficure 6. Comparison of relative responses for vertical and horizontal
dipoles.

from material at different depths to the apparent conductivity indi-
cated by the instrument meter. The integral of either function from
zero to infinity gives the total secondary magnetic field at the re-
ceiver coil from # homogeneous halfspace which is directly related
to the electrical conductivity of the halfspace by equation (D). It is
therefore possible to state with great precision the relative influence
of material at different depths to the indicated appurent conductiv-

ity.

1V. 2. Multi-Layered Earth Response

The functions shown in Figure 6 are useful for describing the
relative sensitivity ol either of the two coil configurations to material
at various depths. However a function derived from them is more
useful for performing calculations. It is defined as the relative con-
tribution to the secondary magnetic field or apparent conductivity
trom all material below a depth z and is given by

R.‘i‘” = dy(z)z 3)
(£]

’

Called the cumulative response, this function is illustrated in
Figure 7 for vertical coplanar transmitter/receiver dipoles, The
figure shows. for example. that for this configuration all material
below a depth of two intercoil spacings yields a relative contribution
of approximately 0.25 (i.e. 25%) to the secondary magnetic ficld at
the receiver coil.

Suppose now that our homogeneous halfspace has a conductivity
of 20 millimhos per meter (50 ohmmeters). The equipment having
been calibrated according to equation (2), the output meter indicates
20 millimhos per meter. From Figure 7 we observed that the material
below two intercoil spacings contributed 25% to the secondary
magnetic field and therefore 25% to the indicated meter reading.
Suppose that we replace this deep material with an infinitely resis-
tive (zero conductivity) substance. Since we have reduced to zero
the 25% that this material contributed to the meter reading the new
reading will be 75% of 20, or 15 millimhos per meter. Conversely, if
we leave all of the material below two intercoil spacings at 20

R (2]
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Ficure 7. Cumulative response versus depth for vertical dipoles. Ry(2)
is the relative contribution to H, from all material below a (normalized)
depth z.
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Ficure 8. Two layer earth model.

millimhos per meter but make all material above two intercoil spac-
ings infinitely resistive the meter reading will fall from the original 20
millimhos per meter for the homogeneous half space to 5 millimhos
per meter, since, if all of the material below two intercoil spacings
contributed 25% of the meter reading, all of the material above two
intercoil spacings must contribute 75%; when removed the meter
reading becomes 0.25 x 20 or 3 millimhos per meter.

From this example we see that there is a simple way to calculate
the instrument reading on an arbitrarily layered earth as long as the
intercoil spacing is much less than the skin depth in all of the layers.
We simply add the contribution from each layer independently,
weighted according to its conductivity and depth according to Fig-
ure 7. For example assume that we have a two-layer case as shown
in Figure 8. The contribution from the upper layer is given by

o, = o1{1 — Ry(2)] (4a)
since all of the material below zero depth yields a relative contribu-
tion of unity or 100% to the meter reading. Conversely all of the
material in the lower layer adds a contribution given by

a, = a;R(2) (4b)

and the actual instrument reading will therefore be the sum of these
two quantities

o, = oyl — Ry(D)] + o;:Rv(z) &)
If the carth is three-layered as shown in Figure 9 the same proce-
dure is employed to determine the instrumental response. In this

example the calculations are performed for different middle layer
thicknesses.

l-—--——.-—-c:
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g, = 20mS/m 2, = 08

M g,=10,18
Gz ZmS/m
0, = 20m8/m

go = G,[1-R(2)] + G [R(2) - R(2,)] + & R(z,)
2,210, Oy = 20[1-070] + 2[{0'T0-0-44] + 20X 044 = 153 mmho/m
1, 5I'S, Oy = 20[1-070) 42 [0:70-032] + 20X 032 = 13:2 mmho/m

Figure 9. Calculation of response 10 three layer earth — center layer thick-
ness Varying.

The ease with which such calculations are performed facilitates
survey preparation and interpretation. It is sometimes possible to
make advance estimates of the electrical properties of the materials
to be encountered during a survey or, alternatively, once on-site the
operator can obtain the same information from sample measure-
ments of the different materials. The procedures outlined above are
then employed to estimate the apparent conductivity measured
under various terrain conditions. Examples of such calculations for
the EM31 are shown in Figure 10. As is seen in the appendix the
algebraic expressions for ¢(z) and R(z} are very simple and are
easily programmed on hand held calculators.

In Figure 10 the vertical dimensions are greatly exaggerated with
respect to the horizontal dimensions. The question urises as to what
degree of lateral uniformity is required before the earth can be
considered as horizontally stratified or homogeneous. Survey ex-
perience indicates that if the ground conductivity does not
significantly vary with horizontal distance within a radius of one
intercoil spacing from the instrument the ground can be considered
to be laterally uniform.

The above discussion referred to the use of vertical transmit-
ter/receiver dipoles: it is equally possible to construct a cumulative
response function for the horizontal coplanar dipole configuration
and Figure 11 illustrates this function for both coil configurations. A
comparison of the two curves illustrates that the vertical dipole
mode of operation has approximately twice the effective explora-
tion depth of the horizontal dipole mode.

1V. 3. Comparison with Conventional Resistivity Techniques

Many readers will be familiar with the two-layer curves employed
to interpret data from conventional resistivity surveys using a Wen-
ner array of four equally spaced electrodes. Using the techniques
described in the previous section it is a simple matter to calculate
two-layer curves for the electromagnetic technique; Figure 12
shows such curves for both the vertical and horizontal dipole
configurations superimposed on standard Wenner curves. The gen-
eral shape is similar but there are marked difterences in detail. For
vertical coplanar transmitter/receiver dipoles we sec that when the
substrate is the more resistive the response of the two systems is
similar; however when the substrate is the more conductive the
electromagnetic technique sees deeper in that the influence of the
substrate, for a given conductivity contrast, is felt at smaller inter-
coil spacing than inter-electrode spacing. This is a general charac-
teristic of electromagnetic systems which prefer to look through an
insulator 10 a conductor rather than through a conducter to an
insulator.

For the horizontal dipole configuration if the lower layer is the
more resistive the effective exploration depth of the inductive tech-
nique is slightly less than the Wenner array; however, once again, in
the case where the lower layer is the more conductive the explora-
tion depth of the inductive technique is substantially greater.

IV. 4. Resolution of Two-Layered Earth by Varying Intercoil
S

The principal advantage of the inductive electromagnetic tech-
nique over conventional resistivity lies in the speed and accuracy
with which lateral changes of terrain conductivity can be measured.
However this technique can also be used to measure the vertical
variation of conductivity by expanding the intercoil spacing in a
manneranalogous to that in which the electrode spacing is expanded
in conventional resistivity sounding techniques. The current state-
of-the-art, however, is such that relatively few intercoil spacings
can be employed; for example the EM34-3 can be operated with an
intercoil spacing of 10, 20 or 40 meters. This feature is somewhat
mitigated by the fact that the instruments can be used in cither the
vertical or horizontal dipole modes which, as shown in a previous
section, exhibit different sensitivity to various depths thus yiclding
more information than would be available by simply using three
spacings with one coil orientation.

To interpret a two-layer geometry the two-layer curves for both
dipole configurations are superimposed on a common plot as shown



CROSS- SECTIONS

BURIED RIVER VALLEY

Til 0, = 8mmho/m I 1 ;l
Shale ST
0,= N e
-lA P s
Go
<. = 1-R(Z,)+ Kk R(Z,)) 05
' 0, 0 _,

Zi{m), g, (mmho/m)

| 32-6
2 26-9
5 18-6
7 I6-0
BEDROCK HIGH o \ . 1
P S MUY BN IS 0 05 10 5 202
Muskeq ....... ‘._-..-:_L..... ,- .,3. : ‘--. ‘5.',
30 mmho/m " RN AP FERCIE P Ficure 11. Cumulative response versus depth for vertical and horizontal
VRN . dipoles.
Bedrock O:lmmho/m (=== : (=)
Oo ) Y o
—— = i~ R(Z,) + k:R(Z\) - v P
a L ] ‘., = |
' O2 Ol " /{"' ,,;k'//‘ ]
Kk, = o 3% ° 0-0033 / D ‘ ) < %
Z,{m) ; Jg (mmha/n) NN i._ 22 \ N\ ‘\ 2
» % * %
3 | 159 DN N
3 15 - R - ;
5 20" | L I N -
(==—'.m=4ﬂ&=) (Emnlmmum)
GRAVEL DEPOSIT ECE— N L) S
A B 1 C i D Ficure 12. Comparison of Wenner array and inductive electromagnetic
| '-'-2 ------ e sounding curves for a two layer earth.
. ) £
Till 1 Fee S 2
Ommho/m . " 1 100 ——
. ' . . " -ﬁh-
Gravel 7~ e csaom.
| mmho/m : .- 20}'\
&5 = 1-R(Z)+ K [R(Z)) - R(Z,)] +KsRIZ2) s=i0m\,
S+ S L.
kl ) ai 10 010 0 -“h-—_'—-'—-rm\
o, -
ky = —a—.lL' = 100 g__.*= 10 .
stotion ; 0y {mmho/m) OO\\
A 8-9
8 8-2 . |
C 77 00! ol 0 10
f depth to interface
D 69 in':.r:ou ApOCing

FIGURE 10. EM31 calculated response across various geological features, FIGURE 13. Two layer earth response curves (o,fo; = 10,100; intercoil
using R (Z) corrected for instrument operstion at waist (1 meter) height.  spacing varied). Dots indicate typical survey results.

Coll separation s = 3.67 meters.
9



in Figure 13. The six data points obtained by making measurements
with two coil orientations and three intercoil spicings are plotted to
the same scile on a piece of trnsparent paper and are translated
vertically and horizontally on the two-layer curves to ascertain
whether a satisfuctory fit can be achieved. Inthe event that sucha fit
can be made. the earth does exhibit two-layer characteristics and
the values of conductivity for both layers and the thickness of the
upper liyer are directly read oft.

IV. 5. Resolution of Two-Luyered Earth by Varying Instrument
Height

In the case of the EM 2L the intercotl spacing is nigidly fixed so that
the technique described above is not available to analyse a layered
carth. 1t is. however. possible 10 raise the instrument above the
ground. measuring the apparent conductivity as a tunction of in-
strument height for both the vertical and horizontal dipole configu-
rations. This has the effectof shifting the response curves of Figure
6 upwards through the various regions of the earth and the variation
of apparent conductivity with height is therefore of dingnostic value
in determining the nature of any layering. It is o struightforwiard
matter to calculate the response of the instrument as a function of
height for various two-layered earth geometries and typical curves
are shown in Figure 14b. To use the curves one simply plots the
measured apparent conductivity versus height for both coil configu-
rations on a piece of trunsparent paper to the same scale as Figure
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FiGure 14. Two layer earth response curves (vy/e, = |, 10,100: instrument
height varied). Dots are actual survey results,

14b and shifts the plotted data vertically until good agreement is
achieved with one of the curves. whereupon the two conductivities
and the upper layer thickness are immediately determined as in the
illustrated case history of Figure 14¢.

In the event that the conductivity of either one of the two layers is
known to be much less than the other. so that its contribution to the
meler reading is negligible, it is simply necessary to lay the instru-
ment on the ground, take a reading. lay it onits side. tuke a second
reading. and from these two values one can immediately calculate
the conductivity of the more conductive kayer und the thickness of
the upper layer.

V. ADVANTAGES AND DISADVANTAGES OF INDUCTIVE
TERRAIN CONDUCTIVITY MEASUREMENTS

V. 1. Advantages
The advantuges of the use of inductive electromagnetic tech-
nigues to measure terrain conductivity are as follows:

(0 Excellent resolution in conductivire, 1t was stated in Section |
that a problem with conventional resistivity was that the pres-
ence ol localized resistivity inhomogeneities near the potential
clectrodes caused large errors. If we examine the current flow
in it homogeneous halfspace for the inductive technique de-
scribed herein we realize that in the vicinity of the transmitter
the current density is very high and we might expect the pres-
ence of'a conductive inhomogeneity located here to have a lurge
effect. However where the current density is high. the radius of
the current loops is small and their distance from the receiver
coil large. so that these loops Jdo not couple well magnetically
with the receiver. The effect of changing this current by varying
the locil conductivity is consequently negligible. The lateral
extent of the volume of earth whose conductivity is sensed by
the inductive technique is approximately the same us the verti-
cal depth. The result is that small changes in conductivity. for
example of the order of 5% or 10%, are easily and accurately
mensured.

No current injection problems. Since currents are magnetically

induced in the earth. current injection problems encountered

with conventional resistivity in materials such as gravel. bed-
rock. permafrost. snow and ice, etc.. are not encountered with
this type of instrumentation.

(iil) Simple multi-lavered earth calculations. This matter is dealt
with at length in Section 1V,

(iv) Easvy, rapid measurements. A problem with the conventional
Wenner array is that in order to survey to an effective depth a
the arruy must be 3a in length and the total length of wire
required 4a. used in four sections. This presents many oppor-
tunities for snagging and breaking the wire. Furthermore each
measurement requires insertion of four electrodes and rela-
tively careful measurement of the inter-elecirode spacing.
These features are avoided with the inductive electromagnetic
techniques and it is no exaggeration to say that a survey can
often be carried out five to ten times faster using this technique.
Indeed with either the EM31 orthe EM34-3 it is usually possible
under average terrain conditions to survey 5 to 7 line-
kilometers a day with a station spacing of 25 or 50 meters.

(ii)

V. 2. Disadvantages

As with all geophysical instruments. there are some limitations
and disadvantages to the use of inductive electromagnetic tech-
niques und these are as follows:

(i) Limited dvnamic range (1 — 1000 mmhos per meter). At low
values of terrain conductivity it becomes difficult to magneti-
cally induce sufficient current in the ground to produce a de-
tectuble magnetic field at the receiver coil. Conversely at high
values of conductivity the guadrature component of the re-
ceived magnetic field is no longer linearly proportional to ter-
rain conductivity as is shown in the appendix.

(ii) Setting und maintaining the instrument zero. ldeally in order to
set the zero the instrument would be suspended in free space



and the zero set there. The more acceptable alternative is to
search out a region of very resistive ground, to accurately
measure its conductivity using conventional techniques, and to
set the instrumental zero at that location. This is the procedure
which is actually followed.

It is necessary that this zero be accurately maintained over
long periods of time und over the wide variations of tempera-
ture encountered during geophysicul survey in various parts of
the world. This produces tight constraints on the circuitry, with
the result that the zero may be in error by up to +0.2 mmhos per
meter. Such an error would be negligible over the usual range of
terrain conductivities: however in the event that measurements
are being made on highly resistive ground the zero error can
become significant. )

(i) Linited Vertival Sounding Capability. Intheory itis possible to
use a system such as the EM34-3 at a continuum of intercoil
spacings to yield more information about electrical layering in
the ground. To achieve a wide variety of inter-electrode spac-
ings with conventional resistivity equipment is simple; in the
case of the inductive electromagnetic technique the rapid fall-
oft of the magnetic field from the dipole transmitter introduces a
serious dynamic range problem. In due course there will un-
doubiedly be instrumentation with a wider variety of spacings
at the expense of additional complexity.

VI. CASE HISTORIES

This section describes several case histories obtained with the
EM31 and the EM34, The surveys (i) illustrate the resolution in
conductivity that can be achieved. (ii) compare the results obtained
with conventional resistivity and (iii) illustrate the use of the latter
for locating sand, gravel and conductive minerals. determining bed-
rock topography (including locating a buried river channel) and
mapping the pollution plume from a land-fill site. In some cases the
indicated conductivity has been converted 1o resistivity to facilitate
comparison with conventional resistivity survey results.

Case History #1

Location:  Mississauga, Ontario
Instrument: EM3I
Application: [llustrates resolution and repeatability of EM31

For this case history a Rustrak chart recorder was used to monitor
the output of an EM31. A line of length 200 meters was traversedina
field in both casterly and westerly directions. Figure 15 demon-

100+ LINE IE
&
K
[ S0 K—\"_//\——\—“
E
(] " " " PR 1 n " e I L. |
lOOD 100m 200m
1 LINE W

FiGURE 15.

Heen Loke/Owtaria

Oovble Dipole tEMat}
Conveniiono! Resistivily
Conit o' spocing 200t
Samebut @ spocng  th 1

o- —o

1

Sand lnterbedded grave! -~

pinm)
g

Tl

FIGURE 16. Test survey line - Heart Lake, Ont.

strates that the instrument is resolving conductivity changes of less
than | mmho/m (1% of full scale defiection) and that the repeatabil-
ity is of the sume order. In fact the repeatability is limited in this case
by the resolving power of the chart recorder itself. It should fur-
thermore be noted that the instrument is detecting spatial changes in
conductivity of a few meters in length - compatible with the inter-
coil spacing of 3.7 meters.

Case History #2
Location: Hearth Lake, Ontario
Instruments; EM3l1

Conventional resistivity apparatus
Application: Location of sand/gravel

Comparison of EM31 and conventional resistivity

In this survey a line 1900 ft. (580 meters) in length was surveyed
with a measurement interval of 100 ft. (30 meters). The survey area
was generally focated on a buried esker, however the last few survey
stations, 17 + 00 to 19 + 00, traversed a region of exposed sand and
gravel (often occurring in the form of concretions) and over this
portion of the line measurements were made every 10 ft. (3.0 met-
ers).

The conventional resistivity profile was carried out using a Wen-
ner array with an a spacing of 20 ft. (6.1 meters) except between
stations 17 + 00and 19 + 00 where the a spacing was reduced to 1 ft.
(0.30 meters).

In general the correlation between the two sets of data is excel-
lent. and demonstrates the ability of the EM31 10 generate good
quantitative data even in regions of low conductivity. Over the esker
the EM31 was actually read continuously down the line - the data
was recorded only at the 100 fi. intervals, with the exception of the
reading at station 7 + 50 which was also recorded since it was noted
that a conductivity low occurred there. Such an anomaly was, of
course. missed by the conventional resistivity where measurements
were only made every 100 ft,

Both sets of duta become rather erratic between stations 17 + 00
and 19 + 00 as a result of the very rapid lateral changes in resistivity
arising from the concreted malerial referred to above.

Case History #3

Location: Cavendish, Ontario.
Instrument: EM3!

Application: Location of metallic type conductors

This survey line. of length 2000 ft. (610 meters). is located at a site
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Figure 18. EM31 survey of Cavendish test range Line *C".

in Ontario which is often used by Canadian instrumentation man-
ufacturers to test new electromagnetic geophysical equipment. The
survey, along line C, illustrates response from both the swamp and
the two zones of metallic mineralization. Although measurements
were only taken every 50 fi. (15 meters) both zones are well de-
lineated and when such high responses are encountered localization
to within a few meters is quickly and easily carried out.

Inasmuch as the EM31 and EM34-3 were designed to map terrain
conductivity at the conductivity levels encountered in typical soils
both instruments are extremely sensitive electromagnetic detec-
tors. For example on the most sensitive scale, full scale defiection
for the EM31 is 800 ppm of the primary magnetic field and for the
EM34-3 it is 3800 ppm. Such sensitivity makes either instrument
useful for detecting metallic type conductors at what are very low
conductivity levels by normal standards.

Case History #4

Location: Mississauga, Ontario

Instruments: EM31, EM34

Application: Determination of bedrock topography

Total line length for this survey was 8400 fi, (2600 meters) and
measurements were made every 100 ft. (30 meters) with both the
EM31 and the EM34 - an earlier version of the EM4-3 which had
two intercoil spacings vis. 100 ft. (30 meters) and S0 f1. (15 meters).
The survey was performed to outline the cross-sectional profile of a
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Figure 19. EM31 and EM34 survey line over preglacial river valley, Mis-
sissauga, Ontario.

buried preglacial river valley whose existence had been suggested
from water-well data. At cither intercoil spacing the time required
for the EM34 profile was 1-1/2 hours, resulting in approximately one
survey measurement per minute —including the time to walk the 100
fect between measurement stations. The time taken for the sub-
sequent EM31 survey was similar,

Typica! bedrock conductivity in the area is approximately 30
mmho/m, whereas an average value for the conductivity of:the
infilling glacial till is of the order of 8 to 12 mmho/m. Thus the EM34
at either intercoil spacing yields approximately 30 mmho/m at the
valley edges where the overburden is thin and 12 to 14 mmho/m at
the valley centre. The EM31 yields values of 14to 18 mmho/m at the
valley edges (slightly affected by the presence of bedrock) and
approximately 10 mmho/m at the valley centre. The interpreted
depth of the valley, based on the mode! shown in the figure, is
approximately 120 feet (36 meters) which is in reasonable agreement
with the water-well data value of 150 feet (45 meters), bearing in
mind that the three sets of data show that a two-layer model is an
over simplification.

The conductivity high which occurs between stations 32 and 38
resuits from a very large pile of waste furnace ash lying on the
surface.

Case History #5

Location: Camp Borden, Ontario

Instruments: EM31, EM}4
Conventional resistivity apparatus
Application: Mapping groundwater salinity

Comparison of EM34 and conventional resistivity

Geophysical surveys were carried out over a sanitary landfill site
using, in addition to other instruments, an EM31, EM34 and con-
ventional resistivity [4]). The survey results in the accompanying
figures illustrate the good agreement between these techniques and
also indicate the reduction in survey time achieved using inductive
electromagnetic techniques. Particularly interesting are the vertical
variations in resistivity as shown by the EM31 at 3.7 m intercoil
spacing and the EM34 at 15 and 30 m spacing.

VII. SUMMARY

This technical note describes in detail the principles of mapping
the clectrical conductivity of the ground using magnetically induced
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currents at low frequencies. It has been shown that certain advan-
tages can be derived from working at low values of induction
number. Amongst these are excellent resolution in conductivity, a
substantial reduction in man-hours necessary (o carry out a con-
ductivity survey and a simplification in the calculation of layered
earth response.

Two points should be kept constantly in mind when performing
surveys of this type to map geology. The first is that these instru-
ments map only the clectrical conductivity. If the conductivity does
not vary significantly with the geological environment, or if
parameters other than the geology also influence the conductivity,
the survey results may be difficult to interpret.

The second point is that measurement of terrain conductivity, like
any other geophysical measurement, must begin and end with geol-
ogy. Such measurements are only an aid to help visualize geological
conditions which cannot be seen. It is always necessary to interpret

F1GURe 20(d).

geophysical data against known geology from out-crops, boreholes,
or any other such ‘‘bench marks’. Geophysical measurements can
be very effective by allowing interpolation between such sources, or
extrapolation away from them. However in every case knowledge
derived from geophysical measurements must be eventually re-
confirmed against known geological conditions.
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Ficure: Al. Vertical and horizontal dipole coil configurations.

APPENDIX: Theory of Operation at Low Induction Numbers

Consider the two coil configurations shown in Figure Al. In each
case the transmitter coil is energized with alternating current at a
frequency f Hertz. The measured quantity is the ratio of the secon-
dary magnetic field H, at the receiver when both coils are lying on
the surface of the homogeneous half-space of conductivity o to the
primary magnetic field H, in the absence of the half-space (i.e. as if
the coils were in free space). The spucing between the coils is s
meters.

The field ratios for vertical and horizontal dipole configurations
are given by equations (1) and (2) respectively.

_li.I_ = 2 — - 2 3 =8y
(3), = Gae 19 = 19+ 97 + 459 + V1€ (1)

() 015
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3+ 3ys + ()] (—ys—,zJ @)

where y = V-'iwp.no
w = 2nf
f = frequency (Hz)
u, = permeability of free space
i= /=~

These expressions are complicated functions of the variable ys
which is in turn a reasonably complicated (complex) function of
frequency and conductivity. However, as will be shown below,
under certain conditions they can be greatly simplified.

A well known characteristic of a homogeneous half-space is the
electrical skin depth &, which is defined as the distance in the
half-space that a propagating plane wave has travelled when its
amplitude has been attenuated to 1/e of the amplitude at the surface.
The skin depth is given by

3 = = 3@1 (3)
V ape Y
and therefore
w=2iz )

“The ratio s/5. the intercoil spacing divided by the skin depth, is
defined as the induction number B, whereupon

ys = /2i B (5)
Now if B is much less than unity (ie ys << 1) it is a simple matter to
show that the field ratios of equations (1) and (2) reduce to the simple

expression
(H’ =~ (ﬂ—) . iB? _ iwpgos’
_ﬁ: v \H,Ju— 2 T4

which is the equation given in Section 1.

The magnitude of the secondary magnetic field is now directly
proportional to the ground conductivity and the phase of the secon-
dary magnetic field leads the primary magnetic field by 90°.

(6)
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Frcure All. Electrical model for vertical dipoles.

To make B much less than unity we see that we must make s ven
much less than 8 and thus

2
tw K —3 (7
"(’Us-

That is, having decided on a value for s (which fixes the effectiv.
depth of penetration under the condition B < |), the maximun
probable ground conductivity is estimated and the operating fre
quency is chosen so that equation (7) is always satisfied.

The apparent conductivity which the instrument reads is the:
defined by

a, = 4 2 (_H-L) (S
w#os Hp quadrutery

componeni

To examine the reasons for this simplification let us focus ou
attention on the vertical dipole coil configuration shown in Figur
All since symmetry makes this configuration the simplest to undes
stand.

Consider current loop 1. The primary emf ¢, causing this curren
to flow is given (through Faraday's law) by the time rate of change ©
the primary magnetic flux from the transmitter through this ioop
Three impedances cause the current to be limited. These arise fron
(i) the electrical resistance R, of the lcop, (ii) the fact that the curren
i, generates its own magnetic field which causes a time-varyin:
secondary magnetic flux through the loop (self-inductance. L, ). an
(iii) the fact that all other current loops such as i, generate their owt
magnetic fields which in turn cause a time-varying magnetic flux 1
link with loop 1 (mutual-inductance, M).

The equivalent circuit for this configuration is easily derived fron
elementary circuit theory with the result shown in Figure AllL

The complex impedance Z incorporates all of the affects o
magnetic coupling between current loop | and any other curren
loop 2. We see from this expression that Z can be made arbitrarily
small by reducing w = 2af, the operating frequency. When Z is thu:

ho e
.\ \‘

@e. L,E  Re D Qe [z:l
z = iwL, + -E:-_-,_“%z—“—
Sl 2

FiGure Alll, Equivalem circuit for model of Figure All.



made much smallerthan R, the current flow in loop | is simply given
by
i, = = iwd, _ iwg,G, (9)
R, R,

where ¢, = primary flux linking loop |

G, = conductance of loop I{G, = I/R))
i= /=1

We see that the magnitude of the current is lineurly proportional
to the loop conductance and furthermore that the phase of the
current leads the primary flux by 907, Since the secondary ngnetic
field at the receiver from current i, is in phase with and directly
proportional to {, it too will be directly proportional to G and will
lead the primary flux by 90°. Thus

(}H{—) o iwG, (10)

L4

which has the same dependence on frequency and conductance as
equation (6). We infer therefore. that the condition B <€ 1 is equiv-
alent to stating that for all current loops that affect the receiver
output the operating frequency is so low that we can ignore any
magnetic coupling between the loops. Thus the current that lows in
any loop is (i) completely independent” of the current that flows in
any other loop since they are not magnetically coupled and (ii) is
only a function of the primary magnetic flux linking that loop and of
the local ground conductivity.

The lack of interaction between current loops is of great impor-
tance in simplifying the data reduction procedures. Of equally great
significance is the fact that for any value of B and for any orientation
of a magnetic dipole (or indeed of any magnetic source) overeither a
uniform halfspace or a horizontally stratified earth it can be shown
that all current flow is horizontal. That this is the case for a vertical
dipole is easy to see from symmetry; for a horizontal dipole itis less
evident but equally true. Thus, in a horizontally layered earth no
current crosses an interface which is fortunate since, if it did,
changing either of the conductivities would, by virtue of refraction
of the current, change the direction of the current as it lowed from
one medium to the other.

If no current flow crosses an interface and if there is no magnetic
coupling between current loops, changing the conductivity of any
one of the layers of a horizontally stratified earth will not alter the
geometry of the current flow. Varying the conductivity of any layer
will proportionately vary only the magnitude of the current in that
layer. To calculate the resultant magnetic field at the surface of a
horizontally layered earth it is simply necessary to calculate the
independent contribution from each layer, which is a function of its
depth and conductivity, and to sum all the contributions.

The functions ¢(z) and R(z) discussed in Section 11 define the
relative influence of current flow as a function of depth. Their
derivation is involved and will not be given here. The resultant

00
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FiGuRre AlY. Plotof indicatedconductivity for EM31 versus true (homoge-
neous half-space) conductivity for both vertical (o,) and horizontal (o,)
dipoles,

expressions are, however, simple and easily programmed into hand
calculators:

4
Pu(z) = (jiz—*_’_iﬁa—/z (1)
4
) =2 = (12)
1
Ry(2) = @+ )7 (13)
Ry(z) = (42* + 1)1/ — 22 (14)

where z is the depth divided by the intercoil spacing.

Finally it should be noted that for a given frequency and intercoil
spacing as the terrain conductivity increases the approximation of
equation (6) eventually breaks down and the instrumental output is
no longer proportional to terrain conductivity. This effect is illus-
trated in Figure AIV. which plots apparent (indicated) conductivity
against true (homogeneous halfspace) conductivity for both vertical
and horizontal transmitter/receiver dipoles for the operating
parameters of the EM31. As would be expected the horizontal
dipoles exhibit linearity to greater values of conductivity as a result
of the reduced depth of penetration in this configuration.
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