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1.0 INTRODUCTION

Time domain electromagnetic (TDEM) geophysical surveys were
conducted during March and July, 1990, on the Island of Oahu,
Hawaii by Blackhawk Geosciences, Inc. (BGI) for West Beach
Estates (WBE) and The Estate of James Campbell (TEJC). The

'survey was performed to assist in the evaluation of the

hydrogeology of the West Beach area, including the Ko Olina golf
course.

The objectives of the geophysical survey in the West Beach
area were: '

(1) To map the location, course and continuity of the
- postulated hydrologic barrier outlined in the previous
survey of March 1990 performed for Ewa Plain Water
Development Corporation (EPWDC).

(2) To map the dépth of the fresh-salt water interface.



2.0 LOGISTIC8 AND DATA ACQUISITION PROCEDURES

2.1 GENERAL

The TDEM survey was accomplished by a three man crew
consisting of two BGI personnel and one local temporary field
helper. The location of the geophysical survey lines and
soundings were determined during consultation with TEJC, WBE
personnel and their consultants. During the March 1990 survey,
TDEM soundings were made along an east-west line near the
existing wells north of Highway 93. These measurements were made
between the 150 ft to 200 ft elevations for correlation with well
data, and to map the fresh-salt water interface. The results of
that survey are contained in a report delivered to EPWDC in
April 1990, and are also summarized in this report.

In this survey additional soundings along 3 lines were
acquired to further delineate a postulated hydrologic barrier.
All locations were surveyed using a compass and hip-chain from
known points on the USGS and Ko Olina maps. Elevations were
obtained from maps and an altimeter. The survey lines and loop
locations of the TDEM soundings for the West Beach area are shown
on Figure 2-1. Also shown on the map are the locations of
several drilled wells and the hydrostatic head levels measured in
those wells (Tom Nance, personal communication).

During the survey in March 1990 four soundings were
acquired. In the July survey 14 soundings were acquired over the
area during 3.5 days of field work. A daily log of field
activities for the July survey is given in Table 2-1.

2.2 PROCEDURES

The Geonics EM-37 TDEM system was utilized on this survey.
The system basically consists of a transmitter and a receiver.
The transmitter loop is constructed of 10 to 12 gauge insulated
copper wire. The wire is laid on the ground surface in a square
loop varying in size, depending upon the required depth of
investigation (larger loop sizes for deeper measurement). For
the West Beach Area loop sizes ranged from 200 ft to 600 ft on
each size. A transmitter and motor generator are connected into
the loop at one corner. A time-varying current is pulsed through
the wire at two different base frequencies. The TDEM receiver
measures and records the decay of the vertical magnetic field
through a receiver coil placed at the center of the non-groundeg
transmitter_ loop. Receiver coils with effective areas of 100 m
and 1,000 m? were utilized at base frequencies of 3 Hz and 30 Hz.
During data acquisition numerous transient decays are collected
with the receiver for each sounding. Readings were acquired at
several receiver gains with opposite receiver polarities for each
sounding location. The readings were stored in a DAS-54 solid



state data logger, and were nightly transferred to a Compag
computer for processing. A technical brief is given in
Appendix A which describes and illustrates the principles of

TDEM L]

Date (1990
July 11

July 12

July 13

July 23

July 25

Table 2-1. Daily 16g of field activities

Activity
Mobilization from Denver, CO to Honolulu, HI.

Meet with personnel from Campbell Estates and
Oahu Sugar. Begin work on West Beach Estates
area, soundings 1S1W, 1S2W and 1S3W near Ko
Olina golf course.

Soundings 1S4W, 1S5W, 2S5W, 2S4W, 2S3W and
2S2W near Ko Olina golf course.

West Beach Estates soundings 1S1E and 1S2E
(1/2 day of field work).

Demobilize equipment and personnel.

July 14, 15 and 17 through 22 work at other locations.
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3.0 DATA PROCESSING

The field data acquired each day was transferred from the
DAS-54 data logger to a Compagq computer. The data for each
sounding location is edited and combined to produce a transient.
decay curve. This decay curve is transformed into an apparent
resistivity curve, which is entered into an Automatic Ridge
Regression Transient Inversion Program (ARRTI). From the
apparent resistivity curve a one-dimensional model of
resistivities and thicknesses is calculated.

The inversion program requires an initial estimate of the
geoelectric section, including the number of layers, and the
resistivities and thicknesses of each of the layers. The program
then adjusts these parameters so that the model curve converges
to best fit the curve formed by the field data set. The
inversion program does not change the total number of layers
within the model, but allows all other parameters to float

freely.

In general, field data quality throughout the survey site
was good. The apparent resistivity curves and data sheets for
all soundings are contained in Attachment A.



4.0 INTERPRETATION RESULTS

4.1 GENERAL

The results of the interpretation of individual soundings is
the resistivity layering as a function of depth. Where soundings

‘are acquired reasonably close together the results of individual

soundings can be plotted to form a geoelectric section along a
line. Three geoelectric sections were constructed from soundings
acquired in July, and the geoelectric section from March along
line 1N is also included in the interpretation results.

To infer geologic and geohydrologic information from the
geoelectric sections, characteristic ranges of resistivities are
assigned to known local geologic and hydrogeologic units. The
assigned resistivity ranges for the various units encountered in
the survey area are shown in Figure 4-1. An overlap occurs
between the resistivity ranges. The most extensive overlap
occurs between the clay soils, weathered volcanics, or coralline
rock, and the dry unweathered or fresh-brackish water saturated
volcanics. Since thick clay soils or weathered volcanics occur
mainly at the surface, these two units can often be separated by
their depth of occurrence in the section.

In general, it is difficult to distinguish between fresh
water saturated volcanics and brackish water (< 500 ppm
chlorides) saturated volcanics by resistivity interpretation.

The reasons for this are that in addition to salinity, changes in
lithology and porosity also influence formation resistivity.

In the West Beach survey the lowest boundary observed had a
resistivity less than 10 ohm-=m, and this layer was interpreted to
be the interface between fresh/brackish water and salt water
saturated volcanics. From the interpreted depth to the salt
water interface the fresh water head above sea level and the
thickness of the fresh/brackish water lens can be calculated
using the Ghyben-Herzberg principle. This principle states that
under conditions of static equilibrium, for every foot of fresh
water above sea level there will be about forty feet of fresh
water below sea level. An illustration of the Ghyben-Herzberg
relation is given in Figure 4-2. A hydrogeologic barrier has
been interpreted to occur in the West Beach area. Near such
hydrogeologic discontinuities, calculations using the Ghyben-
Herzberg relation are subject to error. However, this relation
is still the best means to approximately compare well information
and geophysical data.



4.2 GEOELECTRIC CROS88S-SECTION LINE 1N (MARCH 1990 SURVEY DATA)

Line 1 North

Four TDEM soundings were acquired along this line as shown
on the survey location map (Fig. 2-1). The results of the
geoelectric cross-section for Line 1N are shown in Figure 4-3.
The section shows an upper conductive zone interpreted as clay
soils or weathered volcanics above sea level. The west portion
of the line (soundings WB3W and WB2W) shows the fresh water -
salt water interface to be high in the section (about 100 ft
below sea level). The fresh-salt water interface decreases
rapidly towards the east from an elevation of about -100 ft below
msl west of sounding WB2W to -800 ft below msl east of sounding
WB4W. The rapid change in depth to saline water between WB2W and
WB4W suggests some type of ground water damming at or near the
ridge between soundings WB2W and WB4W. The barrier is
interpreted on the geoelectric cross-sections based on the
procedures shown on Figure 4-4. Figure 4-4 illustrates how the
likely hydrogeologic boundaries were located from the geophysical
and well data. This figure shows the schematic relation between
head and thickness of fresh/brackish water lens. The position
shown on this figure is the most likely location for the
boundary. The declining heads would represent the dlscharge
zones behind the barrier (leakage point).

Also projected on this cross section are measurements

derived from the static water levels in wells #1, 2 and 3 and

T-5. The Ghyben-Herzberg relation was used to calculate from. the
head observations in the wells the interface between
fresh/brackish water and saline water. In areas of hydrologic
discontinuities use of the Ghyben-Herzberg relation may be

- subject to some error. Table 4-1 lists the heads reported for

the wells, and the elevation of the saline water calculated.

Table 4-1. Head observed in wells, and calculated elevation to
saline water using Ghvben-Herzbera relation

Calculated elev. to

well # Reported Head (ft) Saline Water, ft (msl)
1 14 -560
2 14 -560
3 3.8 . -152
T-5 4 -160

on the basis of the geophysical data a hydrogeologic barrier
would be placed between soundings WB4W and WB1W. The
hydrogeologic boundary derived from the well data is between T-5
and well #2, but the line of wells is offset about 1,000 ft to
the south from the center line of TDEM soundings.



4.3 GEOELECTRIC CRO88-8ECTION LINE 2N (JULY 1990)

Three TDEM soundings were acquired using 600 ft by 600 f?
transmitter loops (Fig. 2-1). The geoelectric cross-section is

.shown on Figure 4-5. The results of this section exhibit an
‘upper relatively conductive zone (33 ohm-m to 54 ohm-m)
‘interpreted as clay soils and or weathered volcanics above sea
level. The western sounding (2N3W) indicates the salt water

interface at -98 ft. The elevation of the fresh/salt water
interface increases toward the east to -468 ft and -604 ft for
soundlngs 2N2W and 2N1W, respectively, and from this rapid
increase the presence of a hydrologic barrier was inferred.
Since the depth to the salt water interface on line 1N was
measured at depths in excess of 800 ft below msl, it is likely
that the boundary on line 2W occurs east of sounding 1W.

4.4 GEOELECTRIC CRO8S88-8BECTION LINE 18 (JULY 1990)

Seven TDEM soundings were completed using 300 ft by 300 ft
loops in the western area, a 200 ft by 200 ft loop for sounding
1S1E, and a 400 ft by 400 ft loop for sounding 1S2E. The
geoelectric cross-section is shown in Figure 4-6 and the location
of the soundings, as shown on Figure 2-1.

The geoelectric section shows relatively low resistivities
throughout the section. Resistivities of the layers above the
interpreted salt water saturated zone range from 7 to 27 ohm-m,
indicating a change in rock type or increase in salinity compared
to the section for line 1N. Sounding 1S2W shows a layer of low
resistivity (8 ohm-m) above sea level. The information from the
four wells summarized in Table 4-1 has been superimposed on the
cross section. Based on the procedures outlined on Figure 4-4
the hydrologic barrier would be placed near sounding 1E.

4.5 GEOELECTRIC CRO88-8ECTION LINE 28 (JULY 1990)

A total of four soundings using 300 ft by 300 ft loops were
measured along this line. The location of the transmitter loops
are shown in Figure 2-1 and the geoelectric cross-section is
shown in Figure 4-7. The depth to the salt water saturated zone

‘along this section was interpreted at an average depth of about

30 ft below msl. The shallow depth to saline water coupled with
the low resistivities in the surface layer indicate that the
fresh/brackish water saturated zone probably has a high TDS.
Data could not be collected further towards the east due to
construction and other obstructions. The hydrologic barrier is
expected considerably east of station 2W on this line.
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5.0 CONCLUSIONS8 AND RECOMMENDATIONS

TDEM soundings were conducted in the West Beach Area along
four lines during March and July 1990, to map a postulated
hydrologic barrier inferred from prior drilling results. The
location of the hydrologic barrier was delineated on three of the
survey lines (1S, 1N, 2N). On line 2S the barrier was not
detected, mainly because measurements could not be made far
enough to the east to intercept the expected position of the
barrier.

The barrier was also observed in the water levels measured
on a line of four wells (#1, 2, 3 and T-5). The barrier occurs
between wells T-5 and #2. The location of the barrier mapped on
three TDEM lines and one line of wells is placed on the map in
Figure 5-1. There is good agreement between the location of the
barrier mapped by TDEM and derived from wells. The expected
lateral resolution of mapping the barrier is about 500 ft, due to
(i) spacing between TDEM stations and between wells, and (ii) the
lateral resolution of a TDEM sounding, - a TDEM sounding
typically averages subsurface conditions over an area with a
radius of about 1/2 to 1/3 of the exploration depth.

Accuracy in determining depth to the salt water saturated
zone is expected to be about + 5% of the total depth.
Comparisons of thicknesses of fresh/brackish water lenses
measured on lines 1N and 2N indicate a substantially thinner lens
on the east end of line 2N than on 1N. .Very likely the lens
thickness increases further to the east on line 2N, and TDEM
measurements may not have been made far enough to the east on
line 2N. The hydrologic barrier is, therefore, expected east of
station 1W on line 2N. If it is important to determine the
course of the hydrologic barrier further to the south then
additional soundings on the east side of line 2S would be
necessary.
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Questfon.-- What is TDEM?

Answer.-- TDEM is a surface geophysical method
for determining the lateral and vertical resistivity
variation (geoelectric section) in the subsurface.

Question.-- What wuseful information can be
derived from the geoelectric section?

Answer.-- Electrical resistivity can be used as
an indicator for mapping several important objectives
in the subsurface, such as:

1. Presence of contaminants. Dissolved solids
in ground water decrease formation resistivi-
ties, so that industrial contaminant plumes
and differences in salinity (e.g., salt water
intrusion) can often be delineated from
geoelectric sections.

2. Soil and rock types. Clays and clay shales,
and formations of low hydraulic permeability,
have lower resistivities than formations of
high hydraulic permeability, such as sands
and gravels, sandstones, basalts, and high
porosity limestones. The geoelectric section
can, therefore, be used to map continuity of
clay and clay shale lenses.

3. Fractures and shear zones. Such zones are
conduits for ground water flow and con-
taminant migration, and they are often
characterized by zones of low resistivity.
The reasons for the lower resistivities of
these zones are infilling of the fracture
zones by clay gouge, alteration of wall rock,
and higher water contents.

Question.-- What advantages does TDEM have over
other electrical and electromagnetic methods, such as
resistivity (direct current) and electromagnetic con-
ductivity profiling with the Geonics EM-31 and EM-34?

-i;#t-e’nvm

{8

g

Fig- 1.
frequency domain EM (FDEM).

-f-

!

|
ICURRENT IN TRANSMITTER LOOP] ' !

|

INDUCED ELECTROMOTIVE
FORCE CAUSED BY CURRENT

'

SECONDARY MAGNETIC FELD | |

- CAUSED BY EDDY CURRENTS )
I

| {

Answer.-- The advantages of TDEM over other
electrical and electromagnetic methods are

° better vertical and lateral resolution

° lower sensitivity to geologic noise (see
page 5)

® the ability to explore below highly con-
~ ductive 1layers (e.g., brine saturated
layers and clay lenses).

Some of the most frequently asked questions about TDEM

-and their answers are given below.

Question.--_Aré the principles of TDEM similar to
electromagnetic induction profiling, such as used in
the Geonics EM-31 and EM-34?

Answer.-- Yes, the principles of electromagnetic
induction profiling in the frequency domain (FDEM),
used in the Geonics EM-31 and EM-34, are in many ways
similar to the principles of TDEM. .

An important difference between FDEM and TDEM is
the current waveform driven through the transmitter
loops. It is a continuous, harmonic-varying current
in FDEM, and a half-duty cycle waveform in TDEM.

Question.-- Why does the current waveform of the
transmitter make a large difference?

Answer.-- The large difference results from the
fact that in FDEM the secondary magnetic field due to
ground currents is measured when the transmitter.
current is on, and in TDEM when the transmitter
current is off, In both cases the time-variant
current driven through the transmitter causes a time-
variant primary magnetic field. Associated with this
primary magnetic field is an induced electromotive
force (emf) that causes eddy current flow in the sub-
surface. The intensity of these currents is used to
determine subsurface conductivities. The induced emf
is a harmonic=varying function in FDEM and consists of
narrow pulses in TDEM.

System waveforms in time domain EM (TDEM) and



The receiver measures the emf due to the secon-
dary magnetic field of these eddy currents induced in
the subsurface, and in the case of FDEM, the emf
measured by the receiver is the sum of (1) the primary
magnetic field (emf, due to currents in the
transmitter), and (2) the secondary magnetic field
(emfg due to eddy current flow in the ground). Thus,

emft = emfp + efs

where subscript t, p and s refer to total, primary,
and secondary magnetic field, respectively. Clearly,
emf; is the only component containing information
about the subsurface. Unfortunately, in most
situations, the amplitude of emfg is only one part in
104 parts of emf,, Thus, in FDEM, a small component
of emf containin

component containing no information.

In the EM-31 and EM-34 ground conductivity is
determined by measuring only the component of emfg
that is in quadrature phase (909 out=of-phase) with
emfp. Unfortunately, theory shows that the in-phase
component is more sensitive to ground conductivity.

Measuring only the quadrature phase component limits

the accuracy, exploration depth, and utility of FDEM
systems.

TDEM improves the situation, because measujemefits
are made during the time the transmitter is off.
During off-time the only component of emf measured by
the receiver is emfg. Emfs is determined in the
absence of emfp, greatly improving its accuracy of
measurements.

Question.-- Briefly explain how Subsurface
resistivities are derived from TDEM measurements.

Answer.-- A TDEM system consists of a transmitter
and a receiver. The transmitter configuration often
used in ground water and environmental applications is
a square loop of insulated wire laid on the ground
surface (Figure 2). A multi-turn air coil receiver
(about 1 m diam) is placed in the center of the loop.
The sizes of the transmitter loops employed are mainly
dependent upon the required exploration depth and
geoelectric section. Typically, the side of a square
is about one-half to two-thirds of the required
exploration depth. Thus, for exploration depths to
about 200 ft, 75 ft by 75 ft transmitter loops may be
employed.

Fig. 2.

Transmitter-receiver array in TDEM.

all the useful information about the
subsurface must be measured in the presence of a large

The current waveform driven through the
transmitter loops is shown in Figure 1. The waveform
consists of equal periods of time-on and time-off.
The base frequencies employed in the Geonics instru-
mentation we employ can be varied from 300 hz, 30 hz,
3 hz and 0.3 hz. These frequencies result in on/off
intervals of 0.833, 8.33, 83.3 and 833 msec, respec-
tively. :

The current driven through the transmitter 1oops
creates a primary magnetic field. During the rapid
current turn-off this primary magnetic field is time-
variant and in accordance with Faraday's Law there
will be an electromagnetic induction during this time
(Figure 1b). This electromagnetic induction in turn
results in eddy current flow in the subsurface. The
intensity of these currents at a certain time and

~ depth depends on ground conductivity.
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Fig. 35 Current distribution in FDEM at two times
after current turn-off.

) In near horizontally layered ground, the ‘eddy
currents are horizontal closed rings concentric about
the center of the transmitter 1loop. A schematic
illustration of these currents is shown in Figure 3.
Immediately after turn-off (tg) the currents are con-
centrated near the surface, and with increasing time
currents are induced at greater depth (ti).

The receiver measures the emf due the secondary
magnetic field caused by these ground eddy currents
(Figure 1c). At early time, when the currents are
mainly concentrated near the surface, the emf measured
will mainly reflect the electrical resistivity of near
surface layers. With increasing time, as currents are
induced at greater depth, the emf measured will
progressively be more influenced by properties of
deeper layers. Thus, in TODEM exploration, depth is
mg:nIy a function of time of measurement after turn-
° L]
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Fig. 4. Schematic 1illustration of eddy current
distribution at different times after turn-off.

Another useful presentation of distribution of
current intensity as a function of time is given in
Figure 4. At early time, tg, all currents are con-
centrated near the surface. At later times (e.g., t3)
the current maxima occur at increasingly greater
depth.
one location, the geoelectric section to a substantial
depth is obtained.
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Fig. 5. Spatial behavior of emfs due to vertical

(emfz) and horizontal (emfyx) magnetic field on a pro-
file through the center of square transmitter loop at
one time (2.2 millisec) after turn-off.

_ The emfs caused by square transmitter loops vary
with time and distance from the center. Figure 5
shows a typical measured behavior of emfs at a certain
time (2.2 milliseconds) after turn-off. At other
times the amplitudes will be different, but the spa-
tial behavior is similar. The spatial behavior of the
emf; is relatively flat about the center so that
measurements of emf, due to the vertical magnetic
field, are relatively insensitive to errors in sur-
veying the center of the loop, or to deviations from a

Thus, from measurements of the decay of emf at

square loop. This is clearly of practical .value
because it (1, reduces the cost of land surveys and
measurement errors, and (2) allows for some flexibil-
ity in the field in positioning the measurement sta-
tions.
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Fig. 6. Typical transient behavior of emf; in center
of square transmitter loop.

Thus, in TDEM soundings, the geoelectric section
is derived from measurement of the emf due to the ver-
tical magnetic field (emf,) as a function of time
during the period the transmitter is off. Figure 6
shows a typical behavior of emf, as a function of
time. Emf, can be seen to decay rapidly with
increasing time. One transient decay recorded over a
few tens of milliseconds contains information about
resistivity layering over a significant depth range.

The emfs, due to the decay of the ground eddy
currents, must be measured in the presence of ambient
noise sources, such as geomagnetic storms, 1ightning,
080 hertz powerlines, and other man-made sources. It
is common to stack several hundred transient decays to
improve signal to noise. Stacking of several hundred
transient decays requires only a few seconds, and
multiple data sets can be quickly obtained.



The processing and display of TDEM data is in
many respects similar to that used in other electrical
and electromagnetic methods. The objective of pro-
cessing TDEM data is to obtain a solution for the
resistivity stratification of the subsurface that
matches the observed transient.
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Fige 7. Example of TDEM apparent resistivity curve

and inverted geoelectric section.

The inversion of measured TDEM data into vertical
resistivity stratification can be performed on a PC.
An example of a data set derived for a sounding is
given in Figure 7 and Table 1. In the apparent
resistivity curve shown on the left (Figure 7) the
measured data at each time gate is superimposed on a
model curve of the geoelectric section shown on the
right. This geoelectric section represents the best
one-dimensional match to the experimental data. In
addition to this visual display, an inversion table
(Table 1) is obtained that lists (column 4) the error
between measured and computed emf at each time gate,
as well as an overall RMS error. The data shown on
Figure 7 are typical of data quality common to TDEM
soundings. Typically, 20 to 30 data points are
obtained equally spaced on a logarithmic scale of
time. Thus, clearly there is a major difference bet-
ween TDEM soundings and profiling with the EM-31 and
EM-34 (where only a few data points at different
effective depths are obtained).

Question.-- If TDEM is a major improvement in
electrical geophyics, why has it not been extensively
used in ground water and environmental applications?

Answer.-= TDEM has been in common use in the
search for base and precious metals, and for deep’
electrical soundings in support of hydrocarbon and
geothermal exploration for about 15 years. The reason
for its sparse use so far in ground water and environ-
mental investigations was that no equipment was here-
tofore available for the often shallow depth ( < 100
ft) requirements, common to environmental investiga-
tions.

Equipment for shallow exploration recently became
available, opening a whole new range of applications
for this powerful electrical measurement technique.
Figure 8 shows the exploration depth range covered by
various instruments.
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range. of measurement of various TDEM systems.

Question.~-- What is geologic noise and why is
TDEM less sensitiye to such noise?

Answer.-- We define geologic noise as variation
in subsurface conditions that obscures the exploration
objective. Consider the schematic geologic cross sec-
tion of the Floridan aquifer (Figure 9). The limesto-
nes may be overlain by overburden, likely varying
laterally and vertically in soil type and thickness.
At some depth in the aquifer an interface between
saline and fresh water may occur, and an important
exploration objective could be the mapping of this
interface. Geologic noise for this objective is the
change in soil type and thickness of the overburden.
This noise can be very large in direct current
resistivity, CSAMT and electromagneti¢ induction pro-
filing. '

Geologic noise is a function of the exploration
objective. For example, if the objective in the
setting of Figure 9 would have been the mapping of
overburden thickness and type (e.g., to delineate
areas of prime aquifer recharge), then what was geolo-
gic noise before becomes the exploration objective.
Geologic noise is often the major cause of poor data
quality in geophysical surveys for environmental and
ground water applications.



Fig. 9. of Floridan

aquifer.

Schematic geologic section

Question.-- How does TDEM reduce geologic noise?

Answer.-- This fact can be conceptually explained
from Figure 10 where the intensity of eddy current
distribution is schematically illustrated as a func-
tion of time for the FDEM and TDEM method. At early
time (tg) in TDEM all currents are concentrated near
the surface, and near surface formations will largely
determine the emf measured. At later time, for
example, t3, currents have largely decayed in near
surface layers, and currents dominantly flow at
greater depth. The emf measured at time t3 is near
transparent to near surface layers, so that their
influence is. greatly reduced at time t3 and later
times.
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Fig. 10. Eddy current intensity in FDEM and TDEM.

In the FDEM method current intensity is always
highest near the surface amplifying the influence of
near surface layers.

In summary, geologic noise due to lateral and

vertical resistivity variation in TDEM 1is reduced
because:
(a) Exploration depth is mainly a function of
time rather than ‘transmitter-receiver
separation. The transmitter-receiver

separation need not be altered to change
exploration depth as is the case in FDEM
(EM-31 and EM-34), and direct
resistivity methods.

current.

(b) Relatively small transmitter-receiver
separations compared to effective explora-
tion depth are employed.

(c) Measurements at later times are nearly
transparent to near surface layers, because
eddy currents at later times dominantly flow
at greater depth.

Question.-- Can TDEM. surveys' be effective in
mapping fractures and shear zones?

Answer.-- Yes, TDEM can detect contacts, frac-
tures, and shear zones below considerable overburden
thickness. The physical concepts of fracture and
shear zone mapping are briefly explained.

Electrical and electromagnetic methods are often
effective in mapping fractures and shear zones,
because fractures and shear zones often are zones of
low resistivity in more resistive host rocks. These
lower resistivities are generally caused by clay
gouge, higher water contents, and alteration in wall
rocks. The mapping of fractures and shear zones beco-
mes increasingly more difficult with increasing over-
burden thickness where outcrops are limited. It is in
these situations that geophysical surveys can play an
important role. '

a)

Fig. 11. Illustration of eddy current flow induced in
overburden, host rock, and fracture or shear zones at.
different times.



Thus, in all electrical and electromagnetic
methods the geoelectric section 1is derived by
measuring resistance to current flow. We cannot
selectively cause current flow in fractures and shear
zones, but currents will also be induced in overbur-
den, host rock, fractures and shear 2zones. The
challenge is to isolate the response due to a fracture
from the total response, which also contains contribu-
tions due to current flow in overburden and host rock.

TDEM is the most effective method for recognizing
fractures and shear zones under overburden cover.
Figure 11 conceptually explains the physical prin-
ciples involved. It schematically shows a near ver-
tical fracture zone below overburden cover, and a

nearby TDEM source loop induces eddy current flow in -

the subsurface. At early time (tg) eddy currents are
dominantly situated in the overburden because current
flow has not 'yet reached the fracture. Therefore, a
measurement of emf at time, tg, will not reflect the
presence of a fracture zone. At later time currents
are induced in the fracture, and because the fracture
zone is likely less resistive than adjacent host rock,
currents will be preferentially oriented in the frac-
ture plane. In this intermediate time range the emf
will contain major contributions due to currents in
overburden, host rock and fractures. Currents in
overburden may still dominate and fracture zones may
be barely detectable. Since the fracture is less
resistive than adjacent host rock, currents will decay
faster in host rock than in the fracture, and there
will be a time range where the fracture has maximum
detectability.

To map fractures and shear zones, often different
modes of surveying are employed than for determining
vertical resistivity stratification (soundings).
Figure 12 shows several survey modes. If the strike

of the fracture is known a long transmitter loop may

be laid out,
across the fracture zone.
be employed.

and profiles are run with a receiver
Also, a loop-loop array may

TRANSMITTER
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Fig. 12. Transmitter-receiver arrays useful in frac-
ture mapping.
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(a) superimposed on three one-dimensional geoelectric
sections (b).

Show me an
electrical

Question.-- I am from Missouri.
example comparing TDEM with another
measurement technique next to a drill hole.

Answer.-- In a ground water survey on the coastal
plain in Israel, one of the exploration objectives was
to map the thickness of alluvium overlying a carbonate
bedrock. A drill hole at the survey site showed depth
to bedrock at about 168 m (550 ft).

The Institute of Petroleum Research and
Geophysics, prior to the arrival of our TDEM crew,
conducted a Schlumberger resistivity sounding near the
drill hole. The results are given in Figure 13.
Measurements were made to AL/2-spacing of 2,000 m (an
array length of 4,000 m). The measured apparent
resistivity data are superimposed on the forward
models of three geoelectric sections. The three
geoelectric sections are shown on the right. Clearly,
the data can be fitted to any of the three models.
Yet, depth to bedrock between the three sections was
varied by more than 300 m. The Institute, therefore,
quickly decided that Schlumberger resistivity soun-
dings were not a viable method, because not only was a
large effort required to explore to a depth of 168 m
(4,000 m of line length), but its vertical resolution
was meaningless.
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- Measurements at the same location were made with
TDEM in 200 m by 200 m transmitter loops, and the
results of central-loop TDEM soundings are shown in
Figure 14, Again, the measured apparent resistivity
curves are superimposed on three forward model curves,
and the geoelectric sections of the three model curves
are shown on the right.
models is varied by 20 m.
resolution of determining depth to bedrock
+ 10 m.

It is evident that vertical
is now

Thus, not only was the physical effort required
to sound to & depth of 168 m greatly reduced - only
800 m (4 x 200 m) of wire needed to be laid out, - but
the vertical resolution was greatly improved.

Question.-- Summarize for me the potential of
TDEM in environmental and ground water geophysics.

Answer.--Electricdl surface geophysical methods
are an important tool because (1) electrical resisti=
vity is the only readily measureable physical property
highly dependent of concentration of dissolved solids
(water quality), and (2) electrical reésistivity often
closely relates to clay content and hydraulié¢ per-
meability. In the past the vertical and lateral reso-
lution of electrical methods was poor. TDEM
techniques are changing that reputation.

Depth to bedrock in the
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