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ABSTRACT

In the investigation of'a geothermal prospect, it
is often necessary to use some vertical sounding tech-
nique to determine the depths to the boundaries of the
various layers in the earth. One method of determining
the electrical properties of the earth as a function of
depth consists of measuring the electromagnetic coupling
between a current-carrying wire and an induction loop
receiver.

In this study, a time-domain electromagnetic (TDEM)
survey was carried out in the Black Rock Desert area of
Nevada, using a sensitive three component maghetometer
to measure the vertical and radial components of the
electromagnetic field generated by the current in a
grounded wire source.

The vertical component was interpreted first by the
early time asymptote method, and then by comparing with
theoretical curves for a layered earth model generated
by linear filter theory. In the interpretation, a two-
layered earth model along with a conductive surface layer
was assumed. The surface layer has resistivity values
ranging from 0.5 to 1 ohm-meter, and thickness from 80

to 200 meters. The second layer which 1is the one of
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interest as a possible geothermal reservoilr has resis-
tivity values from 1 to 15 ohm-meters and thickness

from 300 to 900 meters. The basement resistivity values
range from about 50 ohm-meters to 550 ohm-meters

In case of the radial field, it was discovered
that good 1nterpretations for resistivity cannot be
easily obtained. However, the radial field is a sensi-
tive indicator of lateral changes. A qualitative inter-
pretation was done using the distortions on the recorded
transients to locate a major fault.

The results obtained agree fairly well with those
obtained in other concurrent geophysical studies.

In conclusion, this interpretation has demonstrated
the usefulness of measuring the radial component of the
electromagnetic field and the usefulness of the three-
component magnetometer in time-domain electromagnetic

sounding.
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INTRODUCTION

An electromagnetic survey of the Black Rock Desert
area of Nevada is part of a geothermal research project
being conducted by the Department of Geophysics, Colorado
School of Mines = Other concurrent studies include Dipole
(resistivity) mapplng, microseimicity, and Infra red
imagery.

In the investigation of a geothermal prospect, it
is often necessary to use some vertical sounding tech-
nique to determine depths to the boundaries of the
various layers in the earth. Recent research at the
Colorado School of Mines indicates that the electro-
magnetic sounding method is useful for this purpose.

One method of measuring the electrical properties
of the earth as a function of depth consists of measur-
ing the electromagnetic coupling between a current-
carrying wire and an inductlon loop receiver. In time-
domain electromagnetic sounding, an electromagnetic
field is generated by reversing the direction of current
in a grounded wire abruptly. Recordings of the tran-
slent magnetic field generated are then made at stations
around the grounded wire.

The field work was done in June 1974,

3 ARTHUR LAKES LIBRARY
COLORADO SCHUOCL of MINES

GOLLEN, COLORADO 80401
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LOCATION AND GENERAL GEOLOGY

The Black Rock Desert is situated in the North-
western part of Nevada (Figure 1 is a location map and
Figure 2 shows an index map with the area of investi-
gation marked)

The geology of the Black Rock Desert area is in-
adequately known, hence only a brief general description
is presented. Figure 3 is a generalised geologic map.

The Black Rock prospect is in the Basin and Range
province of Northwestern Nevada. It has long been rec-
ognized that the Basin and Range province is character-
ised by extensive normal faulting with associated major
vertical displacements. The Black Rock Desert area is
no exception, major faults occur in this area with
vertical displacements in the order of a few thousand
feet (Bonham, 1969)

According to Osmond (1960), the Basin and Range
province was elevated during the late Tertiary and
Quarternary. The uplifted areas are composed of Cre-
taceous granodiorite, Tertilary volcanics and Permian
metavolcanics. The lower area are filled with Quarter-
nary material. Thils includes alluvium and Lake Lahortan
sediments which conslsts of clays, silts, algal materlal

and minor sands.
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The topography of the Black Rock Desert area 1s
typlcal of the Baslin and Range provlince. The Granlte
Range 1s the predominant topographic feature in the
area. Parallel to it is the‘low lying Black Rock Desert

itself and the Hualapl Flat.
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DETECTION OF MAGNETIC FIELD COMPONENTS

Normally, a large induetion loop laid on the ground
is used to detect the electromagnetic field at a receiver
site. Such receiver colls are commonly 1000 to 2000
feet lengths of multi-conductor wire lald in the form
of a square. An induction coil of this type has the
advantage of being an extremely simple means for detect-
ing small magnetic field over the frequency range of
interest--0.1 to 30 hertz, but has several limitations.
Vibrations of the induction coil cause electrical noise
to be generated and so it 1s necessary to seek out loca-
tions where the coil can be laid flat on the earth so
that wind will not cause it to move. Often such loca-
tions are difficult to find where a survey is torbe made.
Another limitation of large induction coills is that only
the vertical component of magnetic field can be measured.
This 1s a major limitation, as measurement of the hori-
zontal field components give indications of lateral
changes in the resistivity, and thereby locating vertical
boundaries caused by faults and other lateral discon-
tinuities.

In thls survey a sensitilve three-component magneto-

meter manufactured by Superconducting Technology Incorporated
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of San Francisco, California was used. Thls magneto-
meter also contains induction coils as the sensing
elements but each coll 1s one centlmeter in dilameter
and is superconducting,‘being maintained in a liquid
helium environment at a temperature of about U4°K,

The basic detector in this magnetometer is the
SQUID (Superconducting QUantum Interference Device).
There are two types of SQUID, the direct-current (dec)
SQUID and the radio frequency (rf) SQUID. The magneto-
meter used in this survey has a rf SQUID.

The rf SQUID was developed by Zimmerman and his
co-workers, Mercereau and Nisenoff (Clarke, 1974) It
consists of a single Josephson Junction mounted on a
superconducting ring. A Josephson Junction can be
described as follows. Two super conductors separated
by a thin (10 to 20 angstroms) insulating barrier at
normal temperatures will have barrier resistance of
several ohms. However, at very low temperatures when
the metals are superconducting, the barrier resistance
vanishes. It 1s thus posslible to pass a small super-
current through the Junction without developing any
voltage across the barrier. This process 1s known as
the d-c Josephson effect. The maximum value of current
that can flow as a supercurrent 1s I,, known as the

critical current. The value of I, depends upon Junction
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parameters and temperature. If the external current
exceeds I,, a voltage appears across the Junction. When
there 1s a voltage across a Josephson Junction, the
supercurrent still exlsts but oscillates with time. This
phenomenon is the a-c Josephson effect. The frequency

of the oscillation 1s related in a simple way to the
voltage V across the junction by the Josephson voltage-

frequency relation (Clarke, 1974) which is as follows:

where

f 1is frequency of oscillation

e 1s electronlc charge

V 1is the voltage across the Josephson Junction
and h 1is Planck's constant.

Figure U4 is a diagram of a Josephson Junction and
Figure 5 shows a rf SQUID.

A steadily increasing magnetic field induces quantum
transitions in the SQUiD. If the junction is repetitively
driven into a voltage-supporting state at superconducting
temperatures, there will be an average circulating super-
current that 1is periodic in the applied flux. This cur-
rent 1s detected by coupling the SQUID to the 1lnductance
of a resonant inductance-capacitance (LC) cilrcult. (Figure

5) An alternating current at the resonant frequency of
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30 mega-hertz generates an aiternating voltage across
the resonant circuit The amplitude of this rf voltage
depends on the circulating supercurrent in the SQUID and
is therefore periodic in the: flux applied to the SQUID.
The rf voltage is amplified and rectified using conven-
tional electronic circuitry.

The rf SQUID produces a voltage that is periodic
in the flux applied to it. The SQUID is a digital mag-
netometer in that one only has to count the oscillations
in voltage to measure any change in the applied field.
However, in practice the SQUID 1s incorporated in a feed-
back circuit, the whole system producing a voltage out-
put that is linearly proportional to changes in the
applied flux. The principle is illustrated in Figure 6.

The SQUID is biased with a current I, as described
earlier. The voltage applied across the SQUID is ampli-
fied by conventional electronic circuitry. The output
from the amplifier is fed via a resistance Re into a
coil Ly which is coupled to the SQUID. Suppose a small
field dH is applied to the SQUID, the change in the SQUID
voltage is amplified and fed back as a current Iy into
the coil Ly. The flux produced by this current opposes
and exactly cancels dH. The total fiux threadlng the
SQUID 1is therefore zero, and the output voltage V, = I¢Rp
1s linearly prgpoytional to dH. The SQUID 1s thus the

null detectqf in a feedback system.
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The threshold sensitivity in the equipment used 1n
this survey is about 2 X 10 -3 gammas with a flat fre-
quency response from DC. Selectable filters of 10, 100
and 1000 hertz were avallable for the upper frequency

limit.
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FIELD PROCEDURE AND DATA PREPARATION

Current Source

Figure 7 is a schematic block diagram of the source
equipment. In thils survey, the power source used 1s a
30 KVA Onan generator with an output of 220 volts, 60
cycle A-C. The generator output was stepped up to 440,
or 880 volts with a three phase transformer and run
through a Variac to keep a steady current.

The A.C. voltage from the transformer was rectified
and an asymetrical square wave was applied to the source
which consisted of a length of copper wire grounded at
both ends. The current between the electrodes was recorded
on an Esterline Angus T - 171 - B chart recorder.

Three source locations were used with lengths 1850,

1615, and 1463 meters.

Receiver
The receilver equipment consisted of a cryogenic
three-component magnetometer with accompanying elec-
tronics and a Gould Brush Mark 250 chart recorder.
Magnetic field detected by the magnetometer is
fed into an accompanying amplifier which 1s set to have

a frequency response from DC to 100 hertz. ‘The amplified

17
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signal 1s then recorded on the Gould Brush chart recorder
which has a frequency response from DC to 30 hertz.

wWith a short line source, measurements are taken at
distances (usually about fivée source lengths) such that
the source appears to be a dipole. It was observed that
at distances five source lengths away, the electromagnetic
field is too small to be detected by the equipment in use,
measurements were therefore made at distances less than
five source lengths. Figure 8 shows the location of the
sources and stations.

Vanyan (1967) stated that the dipole approximation
worked well for distances from the source which are a
few times the depth to a boundary, therefore a dipole
approximation was used in the interpretation of the data.

A square wave with a 14 second period introduced
between 120 and 140 amperes of current into the ground.
Measurements of the transient magnetic field resulting
from the current step were then made with the receiver
equipment already described. Recordings were made for
the vertical magnetic field and the radial magnetic
field except for cases where the signal was below noise.
t each of the forty-eight stations, six to eight re-~

cordings were made.

Data Preparation

After the data were collected they were prepared
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Figure 8 Map showing location of stations
and sources.
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for interpretation. Between 0.8 and 1.0 second length
of each record was digitized at an interval of 0.02
second in some cases and 0.025 second 1n others. For
each receiver station one to'six records were digitized
depending on the quality of the record.

The data from the nolsier signals were stacked
three to six fold to reduce the error in transient rep-
resentation. When stacklng, a statistical test was
applied to insure that each data point is within a
reasonable distance of the average signal. If the value
is more than two standard deviations from the average,
it is rejected. Table 1 shows the stacked data for

HENRY
Station EM18. The fileld in amperes per meter is under
AV - H, the standard deviation for the different points
is shown under STD - DV Figure 9 shows the record
from Station EM15 which does nct require any stacklng
and Figure 10 shows one of the records from Station EM18.

A deconvolution process was carried out on the data
to remove the response of the system, thereby leaving
only the response due to the earth. Due to the fact
that gradients were used in this interpretation scheme,
gradients from the system response were deconvolved with
gradients from the digitized and stacked records. The
program SYSTEM.Fl4 originally written by Keller (1972)

was modified and used along with a modified version of
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Table 1.

TIME = Cumulative time

NUMBER = Number of points used in stacking
AV-H = Average field in Henrys/meter

ST. DEV. = Stamdard Deviation at each point.

EDITED AND STACKED DATA STATION EMI18

TIME NUMBER AV-H ST. DEV.
. 025 4 0.105E-01 0.520E-03
.050 4 0.102E-01 0.584E-03
.075 4 0.986E-02 0.586E-03
.100 4 0.951E-02 0.573E-03
.125 4 0.927E-02 0.534E-03
.150 4 0.891E-02 0.508E-03
.175 4 0.859E-02 0.505E-03
.200 4 0.820E-02 0.487E-03
.225 4 0.777E-02 0.550E-03
.250 4 0.723E-02 0.587E-03
.275 4 0.681E-02 0.491E-03
.300 4 0.640E-02 0.485E-03
.325 4 0.596E-02 0.432E-03
.350 4 0.552E-02 0.331E-03
.375 4 0.514E-02 0.186E-03
.400 4 0.469E-02 0.162E-03
.425 4 0.431E-02 0.134E-03
.450 4 0.388E-02 0.164E-03
.475 4 0.348E-02 0.178E-03
.500 4 0.497E-02 0.320E-02
.525 4 0.498E-02 0.373E-02
.550 4 0.443E-02 0.324E-02
.575 4 0.439E-02 0.359E-02
.600 4 0.198E-02 0.725E~04
.625 4 0.174E-02 0.145E-03
.650 4 0.161E-02 0.911E-04
.675 4 0.135E-02 0.663E-04
.700 4 0.125E-02 0.367E-04
.725 4 0.113E-02 0.494E-04
.750 4 0.917E-03 0.789E-04
775 4 0.796E-03 0.121E-03
.800 4 0.619E=~03 0.699E-04
.825 4 0.519E-03 0.957E-04
.850 4 0.519E-03 0.849E-04
.875 4 0.376E-03 0.142E-03
.900 4 0.276E-03 0.164E-03
.925 4 0.133E-03 01129E-03
.950 4 0.553E-04 0.725E-04
.975 4 0.000E+00 0.000E+00




23

T 1749

‘GTWI uoT3Ie3§ !PIOOSI PIOTF “H 6

=Y

HL T FEHE LL TEEFA TR FEEEE R T TEE R R R
, 1 AR e - : Wf T
, ks THULET mv mv% P LT 11 B
| SNAREESA NN R N \ T ; ] LT
7T STV REET VHVEHEE PEE U A 1T .
oA~ - / \. - - 4. - - -
s 11 : A CEEFH AL FREA R UL | 17l
i | 1t Te UL : - T *
I 1110 1k 1T
- i -1 Y O 4 - i - - ~f-4- | - - J.- .
. U TTEF NEANE : T3 % r.r 1
| _ . r A-1- . - - -4 ﬂ If Lm . +- 1
: N g - NNRY Mz. ,
. ..M.. v}l .

TAKES TIBRARY

COLCRANCG ""HOOL cf MINES

. Rl A g o i
) ) TIET FTTETTTHE T y :
R . . L ,Lv 1. - - - - - -
- = ‘ W L .
- / -
n - x I PLLEL R T A A T . . . _ .
| - . EERE e - R - - . - RENE
. v .L | - - . . A X ..A1 L. ) v PN B S - e =X . 2 . o -
T FRNA T35 (O] STTIPITT T oG T TTTTIT T
- i N o8 i 1 0 S - A b d- IO W W o S O 1O W e ] |1 I % A 0
ﬁ oy bd-1-1 - .. .,DJ‘OL;I T Y Sy N - -} -1 -F. b=l -y T
- - S Ny - . s o \l1..-.1
A —

- HAHAHHHHH e L e e

reve e
JH R

WLDEN, COIORADO 80480

e
A N



'8TWI uoT3elS ‘prooex praTy g 0T oanbra

24

i

Cg

) b

1y

h I TEEE L NS
i DL 2
. 1 . s T UEE 4591

+~—

_ . -l-4-- 4-4-1. 4 14-4-4-4 )--}- PN U W DUV N U O D I -
- . . -1- .i;....‘! B Y O g N U R WY 4- A=}-4-4- - = -
- Y 4-] 4~ - — 4 1-} -t - 4t - -

T 1749

Bl

(i
| Tkl

4

—

———




T 1749

25

the program STACK2.F4 to carry out the deconvolution

process

The flow for the program SYSTEM.F4 which generates

the system function is as follows:

1.

(O = R Vi

Read in number of digitized points (NUM) and
sampling interval (DT)

Read in digitized points from step response.
Find gradients from one point to the next (Y,)
Calculate a "frequency" - (T /NUM)¥i, i = 1,

Calculate real part of transform for that

"frequency"
NUM
ARj_:kZ__lYk*Ck+l

where Cy4q = Cy* cos(w) - Sk* sin(w)
£ = cos(w)
S, = sin(w)
Calculate the imaginary part of the transform
for that "frequency"
NUM
AI; = k§=1 Ye* S, 4 g
where Syp47 = S ¥ cos(w) + Cpo * sin(w)

Calculate amplitude and phase correction

fastors:



T 1749 26

(4R, % + AI1,2)1/2

Amplitude, =
1 (ary2 + a1, 2172

Phase, = o2 - ’I"an"l ALy
ARy
8. Increase 1 by one and repeat steps 4 through
7 until 1 = NUM, print out each amplitude and
phase correction factor.

The program STACKS5.FL4 after performing the stacking
removes the step response of the recording system by
multiplying the amplitude and amplitude correction factors
and by adding the phase and phase correotion factors.
The program STACK5.F4 which is a modified version of the
program STACK2.FL4 is listed in Appendix B.

The deconvolved field data are then curve matched

as described later.
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INTERPRETATION TECHNIQUES

Vertical Fileld

For the vertical component of magnetic field H,,
two interpretation methods were employed.

1., Early-time asymptote method.

2. Theoretical layered-earth model curve match-

ing method.

Early-time Asymptote Method

Vanyan (1967) has demonstrated that the voltage
detected with a vertical-axis induction loop can be
used to calculate an apparent resistivity with the

formula

L
_o2wrly
fa'3IAL COS 8

whers
Sa is apparent resistivity
is distance from source to receiver
is voltage received
is current in source

is length of source

o H | =

is the area of the receiver loop

A

1s angle away from the equator for the
radius vector from the transmitter to

the receiver.

27
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and all quantities are measured in M.K.S. units
Some assumptions were made to arrive at thils equa-
tion. They are:

1. Displacement currents were small enough to
be neglected.

2. M is a constant for all media.

3. The alr layer above the surface of the earth
is ignored.

4. The system displays cylindrical symmetry.

It is emphasized that this equation is valid only

for early time; i.e., condition that

/“uﬂ; R2 < 147724{«//5

2t
where
t 1s recorded time
M 1s magnetic permeability, UFX 1077
g 1s conductivity.
The equation above was modified before being used
in this interpretation due to the fact that magnetic
field intensities can be obtained directly from the data

in this survey  The equation was modified as follows:

o
;

VLoop

]
bo =
o/

3
|=
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_2grt M aH
f? 3IL Cosg ~ dt

where all variables are as defined earlier.

The gradient of the early part of the transients
were therefore obtained and used in the calculation of
apparent resistivities. Table 2 shows the apparent re-
sistivities obtained for the records which were inter-
pretable. Figure 11 is an apparent resistivity map
obtained using this method of interpretation.

The apparent resistivity obtained from thils equa-
tion is related to the resistivity of the first layer.

If there is a conductor below the first layer, the early
time resistivity 1s equal to the resistivity of the first
layer, but in the case of a resistive second layer, the
early-time resistilivity is slightly greater than the

first layer resistivity. In the Black Rock Desert, a
model of a conductive first layer over a resistive

second layer is sultable, sc the early time resistivities
obtained are slightly higher than the first layer re-
sistivities.

Theoretical Layered-earth Model Curve Matching Method

Computer programs for.electromagnetic interpretation
were developed by Daniel (1974) Onz of tlLe programs
which is used 1n thls interpretation utilizes linear

filter theory to evaluate numerically an electromagnetic
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Apparent resistivities obtained from early time

asymptote method of interpretation.

Station No.

Apparent resistivity

30

ohm - m
EMO3 6.80
EMO04 0.19
EMO5 44.28
EMO6 11.59
EMO7 7.17
EMOS 4.51
EMO9 66.01
EM11 22.88
EM12 5.54
EM14 1.95
EM15 0.094
EMl6 0.23
EM17 1.29
EM19 1.69
EM20 1.89
EM21 0.028
EM22 7.18
EM23 6.23
EM24 -1.60
EM25 6.78
EM26 9.99
EM27 4.45
EM28 7.59
EM30 -5.43
EM31 12.00
EM32 17.74
EM33 1.18
EM34 0.92
EM37 7.29
EM38 5.61
EM39 53.35
EM41 3.28
"EM42 1.93
EM44 1.08
EM45 3.25
EM46 13.74
EM47 5.21
EM48 50.8
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Contour Interval
2 ohm - m

2 KMS

R 24 E

Figure 11 Apparent resistivity map obtained
from early time asymptote method.
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field for a dipole source over a layered earth. The
convolution technique was used to calculate theoretical
frequency domain curves. These curves are then Fourier
transformed into the time-domain using the polygonal
approximation method (Papoulls, 1962)  The step re-
sponse for these curves is calculated and then the re-
sults obtained are compared with curves obtained by
plotting time against apparent resistivity. The ap-
parent resistivities plotted are obtained from the
formula given earlier.

In this case, the gradient between each successive
point on the digitized transient 1is taken and the ap-
parent resistivity obtained by substituting this value
in the formula given earlier is plotted against cumula-
tive time in the logarithm domain. The curves were
smoothed by applying a flat seven point filter. The
program STACKS5.FL4 which carries out the stacking and
smoothing is given in Appendix B.

A two layer earth model was subsequently assumed
in the interpretation. The plots of the apparent re-
sistivities were compared with a catalog of theoretical
curves prepared by Silva (1969) to obtain first estimates.
Theoretical curves were then computed from these first
estimates, compared to the observed data and adjustments

were made to the parameters.

v {I'HUR GAKES LIBRARY
COLORANO SCHOCL of MINES
GOLDEN, COLORADQO 80401



T 1749 33

The program EMFWD8.FU which is a modified version
of the one written by Daniel (1974), was used to generate
the theoretlical curves in the frequency domain. These
were then Fourier transformed into the time domain using
the polygonal approximatlion method using the program
TRANS3.F4 The curves in some cases have to be scaled
to bring them to the level of the observed curves. The
programs are listed in Appendix B.

It was discovered that to obtain suitable fits, a
conductive surface layer had to be included. A surface
layer with resistivity values from 0.5 to 1 ohm-meter
and thickness varying from 80 to 200 meters had to be
used before suitable fits were obtained.

Theoretical matches were not obtained for some of
the nearer stations; this is due to the fact that the
dipcle approximation as earlier mentioned is only suit-
able for stations which are at distances a few times
the depth to .a boundary. Generally at distances less
than one and a half source lengths, computed theoretical
fits were not possible. Some of the stations in this
category were interpreted empirically by matching with
theoretical curves compiled by Silva (1969)

Some of the matched curves and deconvolved field

curves are given in Appendix A.
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RESULTS

Table 3 shows the values of resistivities and
thicknesses obtained from the interpretation scheme.
Values in parentheses are those for stations with
source-receiver separations less than one and a half
source length.

The results show a conductive surface layer with
resistivity ranging from 0.5 to 1 ohm-meter and thick-
ness varying from 80 to 200 meters, underlain by a less
conductive layer with thickness ranging from 300 meters
to 900 meters and resistivity ranging from 1 ohm-meter
to 15 ohm-meters, and then a resistive basement with

resistivity values starting from 50 ohm-meters.

34
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TABLE 3

APPARENT RESISTIVITY OBTAINED FROM H,

Py H P H P

1 2 2 3
Station ohm-m meters ohm-m meters ohm-m
EMO3 1 200 5 300 160
EMO05 1 125 12 760 450
EMO7 1 125 4 600 140
EMO8 1 125 5 800 250
EM11 1 100 11 600 350
EM12 1 80 9 700 100
EM1l4 1 150 11 600 350
EM15 (2) (320) (80)
EM16 (6) (450) (56)
EM17 (3) (410) (50)
EM18 (1) (100) (500)
EM21 (5) (380) (150)
EM22 1 130 11 300 250
EM23 1 150 11 300 350
EM24 (1) (190) (500)
EM25 1 200 7 500 270
EM26 1 150 8 600 265
EM27 (3) (220) (500)

35
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TABLE 3 (Continued)
Pl Hl Ps H2 P3

Station ohm-m meters ohm-m meters ohm-m
EM28 (5) (900) (48)
EM30 (3) (225) (85)
EM31 1 100 10 800 550
EM32 1 150 15 900 500
EM33 (1) (158) (250)
EM34 (1) (220) (250)
EM37 1 125 it Loo 100
EM38 1 125 5 300 250
EM41 0.5 200 2 600 50
EM42 0.7 200 2 600 550
EMU4Y (2) (220) (56)
EM45 (7) (800) (220)
EM46 1 80 10 400 350
EMA4T 1 80 15 4oo 500

36
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Radial Field Component

An-expression for the radlal component of the elec-
tromagnetic‘field generated by a time varying source 1s

given in Vanyan (1969) It is as follows:

M
- 2
Hp = - 4 g3 LOYR)T (I;kq - Igky) + 4 R(Ijkg - Igk,)
+ 16Ik,]
where
H, 1s radial component of magnetic field
M is moment of source
R is source-receiver separation
M is magnetic susceptibility
0~ is conductivity

w is frequency
and

Kogs I7, K, are modified Bessel functions

1
of order zero and one.

O, O,

Argument of modified Bessel functions is
YR/2.

It is -apparent that this equation cannot be solved
for conductivity in terms of the other quantitles which
are measurable.

An approach used in the determination of conductivity

is to find 1limit of thils expression as ¥R becomes very
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large; 1.e., large separations.
An’ expression for the radial component of the mag-
netic fleld for large separations was given 1n a paper

by Wait (1961) and in Vanyan: (1967). This 1s:

H, = - Ids Sin 8
w3
where
Hr’ 4 ,» and R are as defined earlier
I is the current step

ds is source length
P is the angle which the radius vector
makes with the source.
Finding the derivative of this expression with respect
to time (t) and transforming into the time domain, we obtain:

di _ _ Ids sSin @
dt 2-"3/2 (/ua.)l/‘? R3 t3/2

apparent resistivity p, 1s then given by

_ 4 m RO ¢3 (dH)2
a = ° =
v 12 ds2 Sin2f dt

Apparent resistivity curves were computed and using
the maximum field gradient approach, the maximum resis-
tivity value for each station was obtained. These are
given on Table 4.

The values obtained show a significant range. This
is expected since (1) the radial field component 1s very

sensitive to lateral variations due to vertical boundaries

KRTHUR TAKES LIBRARY
COLORADO SCHOCL of MINES
GOLDEN, COLORADOQ 8040},
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Apparent resistivities from radial component of

magnetic field.

39

Station No. Apparent resistivity
ohm - m
EMO1 0.59
EMO2 7.92
EMO3 3.68
EMO04 0.81
EMOS 211.09
EMO7 10.48
EMO9 8.87
EM14 0.22
EM16 0.0065
EM17 0.00054
EM18 0.00043
EM19 0.000076
EM20 0.00071
EM21 6.04
EM22 0.012
EM23 0.20
EM24 0.0025
EM25 0.019
EM26 0.21
EM27 0.38
EM28 0.00011
EM29 0.000012
EM30 0.034
EM31 0.091
EM33 0.15
EM34 0.000066
EM36 1.95
EM37 0.93
EM38 0.55
EM39- 0.52
EM40 0.0012
EM41 10.85
EM42 2.99
EM43 1.57
EM44 0.022
EM45 0.29
EM46 0.74
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(1.e. faults), and (2) as can be seen from the expression
for apparent resistivity, the field is proportional to
the square root of resistivity which 1s not the case for
the vertical component.
A plot of the resistivities obtalned from the radial
field curves and the vertical field curves was made to
see if any relationship exists. This plot is given on
Figure 12. As can be seen from the plot which is in the
logarithm domain, the scatter 1s significant, so a reason-
able conclusion is that no such relationship exists, and
that suitable resistivities cannot be obtained from
measurements of the radial component of the magnetic field.
However, because of 1ts sensitivity to lateral vari-
ations, measurements of the radial field component are
useful in locating vertical boundaries caused by faults
and other lateral variations. This is due to the fact
that recordings of the transient when a station 1s near
a vertical boundary show significant distortions in form
of an overshoot. This is further diliscussed under

Geological Interpretation.
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GEOLOGICAL INTERPRETATION

The surface layer as shown on the geologlc map on
Figure 3 consists of Quaternary playa, accounting for
the high conductivity. The second layer is the one of
interest as a possible geothermal reservolr. Its low
resistivity can be explained by the fact that it con-
sists of lake sediments and large areas of this layer
may have been penetrated by geothermal waters, evidence
of which can be seen on the surface in form of the
numerous hot springs found in the general area. Base-
ment resistivities have a lower limit of about 50 ohm-
meters; these relatively low basement resistivity wvalues
are due to the presence of Tertiary volcanics in this
area. These agree falirly well with values obtained by
Morris (personal communication) in a concurrent study
using the more conventional dipole mapping technique.

Cross sections along stations EMO3 -~ EMO7 - EM12 and
along stations EM22 —EM23—EM25 — EM26 are shown on
Figures 14 and 15. The location of the sections 1s
shown on Figure 13. These sections show a general
thickening of the second layer in the direction of the

center of the Black Rock Desert.

42
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Figure 13 Map showing line of section,
Figures 14 & 15.
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As have been mentioned earlier, major faults occur
in the Black Rock Desert area. The approximate location
of these faults can be obtained from the recordings of
the transient. Thils 1s due to the fact that when record-
ings are made near a vertical discontinuity (fault), an
edge effect in the form of an overshoot show up on the
recording of the transient = When the direction of cur-
rent in the source wire is reversed, one expects a
gradual decay of the eiectromagnetic field, thus pro-
ducing the transient. Instead, a sharp reversal and
overshoot is obtained which then gradually decays to the
level of the steady-state electromagnetic field. A set
of these overshoots can give an approximate location of
a major fault.

On the recordings of the vertical electromagnetic
field component, overshoots are found on the records for
stations EM24 and EM30. Figure 16 is the record for
station EM24. It can be observed that the transient is
in the wrong direction in the early part of the record.

The radial component of the electromagnetic field
1s more sensitive to lateral variations; because of this,
more overshoots were found. These are on the records
for stations EM21, EM22, EM23, EM24, EM25, EM26, EM27,
EM28, EM29, EM30, EM36, and EM37 Figures 17 and 18 are

records from stations EM21 and EM23 respectively. A
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probable location for the fault causing these anomalies
is shown on Figure 19. This is supported by the fits
obtained for the vertical component. The second layer
boundary for stations EM22 and EM23 is at about 450
meters, and the second layer boundary on stations EM25
and EM26 is at about 750 meters  This indicates a
change of about 300 meters from the first set of stations
to the second. Thickening in the depositional basin
can probably not reach this order of magnitude in such
a distance, so it is reasonable to conclude that there
is a fault causing this displacement. Furthermore,
evidence from the seismic monitoring done in this area
supports the location of this fault. Figure 20 shows
an epicenter map obtained from the seismi: monitoring
program. The cluster of epicenters which correspond
to a fault zone agrees fairly well with this interpre-

tation.
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Figure 19 Map showing location of fault.
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DISCUSSION AND CONCLUSIONS

Figure 21 is a contour»map of the apparent resis-
tivities obtained for the second layer (the surface
layer being the first) The values range from 1 ohm-
meter to 15 ohm-meters. These resistivity values agree
fairly well both in the order of magnitude and trend
with apparent resistivities obtained by the more con-
ventional dipole mapping technique. Figure 22 is an
apparent resistivity map obtained from the dipole map-
ping method by Morris (personal communication)  This
map covers the general area considered in this inter-
pretation. Figure 23 is a composite apparent resis-
tivity map for the whole Black Rock Desert area.

The second layer of this interpretation is a pos-
sible geothermal reservoir. The low resistivities are
typical of a geothermal environment and the faults in
this area are probably the conduilts for the geothermal
waters. Hot springs and other geothermal activity on
the surface which are abundant in thils area probably
occur 1n places where the faults reach the surface.

The dipole approximation is quite adequate for
this type of interpretation if all statlons are maintailned

at distances at least one and a half source lengths away.

53
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Figure 23
Gomposite apparent
resistivity map,

Black Rock desert
area.
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In conclusion, this interpretation has demonstrated
the usefulness of measuring the radial component of the
electromagnetic fleld and the usefulness of the three-
component magnetometer in time domaln electromagnetic
sounding (TDEM)

Although suitable resistivities cannot be obtained
from the recordings of the radial field, its sensitivity
to lateral variations and the dlagonistlc transients ob-
tained near lateral discontinuities provide a powerful
tool in the location of faults and other vertical bound-
aries. The recordings of the radial field component as
with all geophysical measurements becomes more useful
when used in conjunction with available geologic data

and other geophysical techniques.
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APPENDTIX A

Deconvolved field curves.
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APPENDTIX B

Computer programs.

All programs are in the Fortran IV language.
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SYSTEM .F4

This program generates the system response
function used in the deconvolution of the
field data.

91



COMMENT SYSTEM FUNCTINS

c THIS PYQGRAM GENERATES THE AMPLITUDE CORRECTION FACTOR
o AiD THE PHASE GORRECTIQN FACTOR WHICH ARE USED IN THE
C DECHGNVOLUTION PROCESS [N THE PROGRAM STACKS,
C
c FRIGINALLY PRCGR&MMES BY DR, 6, V, KELLER
c MODIFIED BY OF1AFATE QFREY
C ARCH, 1975,
o
C -
DIMENSICN 2€122),v(122),ARCL72)2CUL78) ,PHCC(100) »AT(10D)
.Iq=‘17 i
1diT1=13

33 READCD ,77) N'v,p7
2 4READ(I'ol)(Y(!)oI:}QNU})
1 FORMAT(LF)
77 FOuMaAT(1,F)
SCALI=Z.74
DU 333 T=a,Num L
YOI =y (1) =Yeuun) )eSCaLE/18,#(1,4E-02)/(4,23,1416)
333 CoNTI Ui .
" DO 444 p=q,RUtel
YOI)stY(1)=Y(141)) /DT
444 CO* TIJuE
NiMs dim- 1

WRITC(T1aUT,28%) N

IFeYeL, LT, 347 G0 TO 1478

TFONUMILT.41) 60 TS 1322
1334 CONTL iYE )

M=o (i

VDO 3223 Jsi,M

Ci:cWS(Dﬁ)
§1=S1Npw)
S2=51
C2=C1
AR¢J)Ys=",
Altgrs:sy
DO 3337 A=1,M
AR(JISARCJI+Y () e(Co
Al(J)s AI(J)+Y(K)*S?
C3=C2e01=-52aS
S3:= \8&(1* &S*
‘S2=83 '

32237 C2=C3

J2A38 Al(J)s=Al(J)
AMPSIRT(AR(L)ICAR(L)+AT (L) 2A L (1}
D0 3229 Is1,M,2
AHzS)RT(AR(I)*AN(I)*AI(I)"AI(I))
PHzATAM2CATIC(I),AR( 1))
CUI)eAMP/FLOAT(])/AM
PHC(1)21,5726=PH

3280  CrNTIWUE -
DO 16 [=1,
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WRITE(IOUT,30A1) C(1),PRCLT)
16 CONTINUE
1427 CONTINUE

IFCYCLY LT, @02) WRITEC(IOUT,422)
C G0 T8 33
29874 FORMAT(]3)
323 FORMAT(29F4,8)
437  FORMAT() «1')
3701 FORMAT(2E12,5)
CALL EXIT
END
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STACK5.F4

This program does the stacking of the field records,
carries out the deconvolution process and gives
equally spaced data in the logarithm domain.



oanadaocanaan

C

_—w T 7

COMMENT FILE k7,F4 1S INTENDED FOR STACKING OF EM TRANSIEMTS
COMMENT INDEXL IS -EGATIVE FNR WIRE TO WIRE (COUPLING
COMMENT INREXL IS ZERO FOR WIRE TO LOOP COUPLING
COMMENT ITHREXY 1S POSITIVE FOR LUOP TO LONP COUPLING
COMMENT FORG1,0AT 1S THf FILE FOR TNPUT DATA

1,E rIGITISED DATA

COMMENT FURZ2,DAT 1S THE FILE FOR OUTPUT DATA

CIMMENT 1,E. STACKED DATA

COMMENT FYR“3,0AT 18 TH¥ FILE WITH SYSTEM RESPONSE

COMMENT Fa~r24,DAT 1S THE FILK CONTAINING DECONVOLVED FLELD RATA
COMMENT PROGRAM K7 CALLS Kiz#3 AND X1205 AS SUBPROGRAMS

QOO0 00000N00n0n

YL
6246
1219
1225

1239

9999
1272

171¢

THIS 1S + mMOnIFIep VERSION OF THE PROGRAM
STACx2,F4 BY DR, G+ Y. KLLLER.
OFIAFATE oFREY,
MARCH,» 1975,

DINEMSTIC:y xX(22),X(27, pZ), AS(Té),!(1??)'?V5(1WB)}8(1@0).
1A3(6)Y,av 01 3), PLA*E(lﬁ,).REAQLY(iﬂz) Y2(1(a),C(1¢a)
2,PuCCLg), J¥X<1¢%)
[1=1
12=2
13=3
NPNTs GUMRER OF ATGITISER POINTS
CCI)s4nPLITUZE CNRPRECTION FACTOR
"PrC=z PHASE CORRECTION FACTOR
‘R s SOURCE RECEIVER SFPARATIAON TIN METERS
A1 0T USED
A2 0T USED
CUR 5’CURRENT”YN AMPERES™
‘THETA ‘s ANGLE DESCRIBING “SOURCE ””RECEIVER“URIEWTAT!ON
"STN = STATIOT NUMRER' = e
DT= DIGITISING INTERVAL OF" FIELD RFCORD°
SCALA = SCALE OF RECQORD
"MCASE=4UMBER OF JIGITISED RECORD PER STATION
144=3 ' T
I"DEX1=27
NP* T=42
DO 6725 131,NPHT=¢
READ (13,426) C(1),PHCt])
FORMAT(2E12,5)
FORMAT(13,12,F4,3)
READ(IL,1775)P,A1,42:CURs THETA,BETA
FORMAT(6F)
READ(13 1389)'(XX(!)»ISI»3)
FOPMAT(3F)
SCALE=XX(3)/(XX(2)=XX(1))
THE FOLLOWING SECTION DOES THF STACKING OF THE
RECORDS RBuapboedanstas
READCIL,1270)IN,STNSOT,SCALA,MCASE
TFCINGER,.=1) STOP
FORMAT(I2,A4,2X,F5,3,2X:F48,2,2X,11)
WRITE(I44,1017) ST/
FORIMAT(4AX,A4)
NCaSE=1



3
11¢2

1212

ia

25
27
24
oF
1@@?

35
37
34
34

3e9

31,

311
312

1997
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SCALE=ABS(SCALE)

NPNTS )

CO: vINLE

FORMAT(2::(13,1X))

READCIL,11v2) ¢JIxX(1),131,4%0)

DO 1212 JUK=1,42

XX (JKISFLOATCIXX (UKD )

COMTINUE

00 1-5 I=v04izl

NPMTSHNPNT+1

XCUCASE ,NPNT)3XX(])
IF(~CASE,EQ,MCASEY GO TO 7

CO“TINUE

NCASE=“CASE+]L

GO 17 2

CO: TINUE )

IFCI4DEXL)23,21,21

DY 22 [=1,PNT

DO 22 J=1,1.CASE S

XCuo 1) (X yal)aXx(J,1))25CALER FOZATYL

D0 24 [=21,.CASE

IF(X(1,+3)) 25,24,24

D0 27 Js1,=PNT

XCt,J0)saX(1,J)
CO*TIHUE

GO0 TH 34
COMTINLE
FORMAT(2?Fa,%)
DD 32 1=22,1.PNT
DO 32 J= 1,‘rASr

?X(J;I)BV(J )= X(Ja43)
" D0 33 [=2,\PNT

DO 33 J=1,''CASE

S X0y 1) ax(Jo D) e(SCALA/LE, DY (L, BE=D2) /(4. F%3,1416)
00 34 1=21,NCASE

TF(XtI,3))35,36,36
DO 37 JO'-O pNT
X(T,J)S—X(I J)
CONTINUE )
CO-TINIE

220 OAT( :CASE)

00 312 JFHqu,NpNT

AVEUPNT)Y =

‘D0 349 JuA E=1,NCAQE

AVIEJPNTYZAV(JT  TY+ X {JCASE, JPMT)
AVIJPNTY=AV(JPNTY /2
DO 312 JP4T=2,nPAT

S(uPuT)sa

D0 311 JUCASE=S1,NCASE
S(JPJT).S(JPNT)o(Y(JCASE JPNT)AVIJUPNT) ) an2
S(UPNTI2SORTIS(UPNT)/Z)

WRITE(]2,1727) STV

D0 315 JPUT=2,NPNT

N(P:iT) g2
AV2 (JPaT) =
TEST1=22,05(J"NT)
DO 322 JCASKE=1,NCASE
TERT22ARS(Y{(JCASE, IPNTYy<AV(JPHT))
FOSMAT (M1, /72%, 'S0 ITED AN STACKED™ TATA',4X%,'STATION



aoa

S 7%7

25X, YTIMEY ,3X) "NUHBFR y4X s "AVERAGE Y , 6%, 'ST, NEV.")
. IF(TEST2-TEST1)321,321,322
321 AV2(JPNT)=AV2(UPNT) X (JCASE, JPNT)
NCUPI' T ew(UPNT Y41
322 COrTINUE
315 AV2(UP ' T)aAV2(JUPNTI/ZFLOAT(N(JPT))

ErD JF THE STaCkIsG PROCESS

CALL K1@71(R4A1,42,CUR, THETA,BETALINDEXL,FACTOR,SCALE
2, XpnTi XPT2)
£O 333 JPHNTz2,MPMT
8380 FORMAT (92X, '] ng1-°.1,/)
IF¢1.9DEXL) 621,602,672
691 DCLEV=(AYD(NP iT-q)+AVD (yPNT- ~3)+AY2(NPNT=2)) /3,
REARLY(JPNT)= FACTl?”(uvz(JPdT)-JPLFV)
RLATE(JP:T)= SCALE/ (((AV?luPcTJ-n&LFV)*FLﬂAT(JPQT 1)
14#0T)naXp: T1) -
GO Tn 633
622 CO* TTNUE
REARLY(JPNT)ISFACTARGCAVR(JPIT)
RLATE(JP Ty = S“ALf/(AVZ(JPvT)“(FLﬁAT(JPNT~1)aUT)uﬁxpﬂTl)
622 CO" TINUE
TF(RLATE(JPNT)IZ34,334,335
334 RLATE(URNT)=2
GO0 T I3
335 RLATE(Jp T)-RLATV(JPVT)a*XPT?
333 €O« TINUE
N0 191 JFNT=2,MP 7
TINE=FLOAT(JP 'Toy )T
WRITE(I2,12d8) TIMF,NCJPNTY, AVZCJPVT)’S(JPNT)
17228 FORMAT(3X,F4,3,4X, 12,204%7ELR, 3
171 COLTINUE
20 2171 I1s1,MPNT-1
2131 Av2(l)=(Av2(])- AV((I*i?’/GT
O PNTSNPNToL AR 4
CALL K1ZAZ(AVZ,NPNT, Y2, CrPHCY
IF(18DEXY) 791.7m2 782 °
721 00 774 J=2,NPT
DCELEVS (YZ(VP17-4)*YZ(APNT*3)+Y2(RPMT-2))/3
TZ4 Y21JY=Y2(U)=0C0DLEY '”
g7 COMTINUE
‘DO 471 1=2,NPNT
TIMESFLOAT(I=4)aDT
R{=FACTHReY2( 1)
R2=SCALE/Z(Y2( ) eTvEaaXPNTL)
IF(R2)422,432,407
432 R2=2
GO T 444
‘433 R22R26ayPT?
434 COMTINUE
471 CONTINUE
WRITE(12,1015) (AS(I),121.13)
‘N0 521 JPMNT=30,NPNT
501 Y2(JPNT)Y=AV2(JPNT)
NIzNPT=1
DO 572 JP"T=1,43
572 Y2(JPNTYsY2(JIPNT+1)

1915 FORMAT(2//7/7/77,2%,17A5)

CALL K 505(Y2, P T, T, FACTOR,SCALE, 2.5, ,667,A3)
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GO TO 9999
STep
ENF
COMMENT FROGHRAM TN GNERATE GEOMETRIC FACTORS
o NOT REQUIRED FOR THIS INTERPRETATION

C
CQQooa#&aq»Qoq»&uuaaaauaoonﬁn»babuouaﬁiouﬁ*ouou»&o#dnéaa
SYUnRIYTINVE K17 21(R,A3,42,CuR, THETA,BETA, INDEXL,FACTOR
2sSCALE ) XPMTL 4 XPT2)
IF(T140EX1)14,22,32
1?2 XPNT1=21,5
XP1222,4
Xsagy, )
SCaLEsXan] 541 ,E~-120CURGAL®AZ/12,
FAPTOR=2(5,2332¢RaaaCO5(RETA/S7,3))/((3,#SINCTHETA/57,3) 292
2-2,)8C RBA1%A2)
GO TO 142
2. XPxT1=22.°%
Al=pale30:2233,
XPT2=2,667
FACT"z4, 2?o2o?¢»4/(Ai»A¢»LURoCOS(ThETA/F4.))/3.
SCALE=440A24CUR®,2793Ew17
2%R
6 To g
37 XP:T1=2.%
C Al=alelyg2iesd,
A2=A261353vz8.
XP7230567
SCALE=CUResl®A2e15 . 9FE=18
FATTOR=6,28320R#a5sCOS(RBETA/54,1/9, /CUR/A' \ 2
132 CO: TINUE -
7T RETURY
ENM
CONMEMT SUBROUTINE DECON?
C Tr1S SUSROUTINE caRRIES OUT THE DECORVOLUTION PROCESS
c C IS THE AMPLITUDE CORRECTTION FACTOR
C P~C 13 THE PYASE CORRECTION FACTOR
o
tod
o)

) X 19 THE STEP‘RESPQNSE FU“CTION
NPNT 1S THE Humpgr OF pPITH
*ﬁbﬁﬁb*abéﬂbqﬁéaﬁ##“&&66““#&{‘“9"%&&*#%*60***&ﬁ&#bb&#%%#oi#“
SURROUTINE K1223 (X,NPNT,Y2,C,PHC)
JIHENSION C(1747)9PHCCL22),X(122),A(172),B(192),
2PHX (137)» v (192),Y2(10)
X(‘ )-0 .
NU=RER=sPNT
DO 7 J31sNUMBER
\,1416ﬁFL9AT(J)/FL0AT(NU‘RER)
C1=C3S(W)
S1=SINCA)
f2:=C1
S2=S51
AlJ) =2
B(ur=2
DO & A=1,MNUMBRER
ACUY=ACY)ex(K)uc2
Rl =B ) ex(K)ag2
CI=C2ue1=50a81
S3zc2eb4+8s0l)
C2=r3
S$2:=53%



d Al

6 CONTINUE
B(J)==3¢J)
PHY (J)3ATA2(B(J),A(Jd))
S VU SSART (A #AC Iy +B () #BLY))
7 COMTINUE
DO & 1=1,NUMBER,?
Vit)ysveip)ectl)
PHX(1)3pHX (1) +PHC(T)
ACT) =V «COS(PLX(T))
A BOI)=V(M aSIN(PHX(T))
M2 NUMBER=1
DO 3712 l=2,M2,2
[2=2]1-1
13=z1+1
AC1)=(a(I2V+A(12)) /2,
3810 B(l):(?(12)*8(13))/2-
DO 1 Js=1, UMAE
1416“FL0A'(J)/FLOAT(NU“BPQS
Ci chs(:.
Si= :Ista)
€2=C1
S2=81
Y2(J)s:
DO ¢ L= ,NUMBER
Y2(J)=2Y2(JU)+Rp(X)aS2
C3=C2u4Cq1=52aS1
S§S32C2431+82C1
C2=C3
'§2=83
9 CO: TINUE
Y2CIYsY2 CU)/FLOAT(UMBERY #2,
17 CO*TINUE
’ RETURY
CIMMENT SURROUTINE TO TOKNVERT & TRANSTENT TO THE LOG DOM&IN

“C AND SHMOOTH,
END
ol VIS THE "TRAMSTENT
c NPNT I8 TWE MNUMBER OF POINTS IN THE TRAMSIENT AT FIRST
c "DELTAT IS THE DIGITIZING INTERVAL I'N SECONDS

C "FACTOR 1S THE EARLY TIME GEOMETRIC FAQTHR
c 'SCALE 1S THE LATE TIMZ CEOMETRIC FACTOR
C XPT4 IS THEC EXPANENT ON TIME FOR LATE RESISTIVITY
¢ XPT2 1S THE ROOT FOR LATE RESISTIVITY
o} WIRE/LQOP. XPNT«=22,5, XPT2=2,6667, CALL K1926
c WIRF/WIRE XPNT1s1,%, XPT2=2,65667, CALL Kiag?
€ LNORyL0OP
N2 A2 TR Y Y I X T T TR R R LA T L R TN T Y XY Y Y
SURRDUTTIE K1795(y , NPT, CELTAT,FACTCR,SCALE,XPT1,XPT2,45)
DIYENSION V(132), T(1ZZ).X(’B/),Y1(1w3) AS(12)
1,ABCN(1g)
1,SINT(1a%),0ELTA(1L22)
T 122=2
T44=8
‘NUMBER=}PNT=1
DO 1 I=1,NPNT
1 TCII=2FLOAT(I)#DELTAT
SHIFT=zx
VMaX=sVtqgil
VMINzVMAX
00 712 1=2,:U"rgR



7021
702
703
714

711

712
713

11

352i
153

151

16
17

174
173
171

1R

184
183
181

21

CO 183 K2=ni,N2
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[F(VELIaVHMII 722,7020701
VMaAX=V (1) _
IF(VEIYaVMII) 723,713 0710
VMIN=V(])

CON YINYIE

SHIFT=,

IFevMIdy 7114713,713
SHIFT=2 (1o (VMAX=VMIN)=yMIN
DO 712 1&1,NUMRER

V)=V (1) +sHIFT

CO* TINVE.

OT=2alLO0G(T(WUNRER)Y /T(NUBER=1))
RALGES=s ALOG (T (Hun BER)/T(1))
MEED sAlGT(RAYNGE/NT)

DD 11 l=21, UMIER
TC)=ALOG(T(L1))

VD) =ALoG (1))

XIzFLdat( )
TIME=X1alTeT(1)-DTs,99
J=1
IFeTIME-T(U))14,14,13
NENES]

TP (J=NiUrspRY12,14,14
NERPS!

IF(J=2115,15,156

X(1)=3

00 151 k1=1,3
TESMzV (K1)

LD 153 K221,3

IF(K1=52) 154,153,154
Teqm TERM«(TI”E T2 )7 (TR =T(KZ) )

X(I) x(r)¢rER4

650 TO 2%
TFTI=-NUMBER2) 1R, 17717

X(1)=3

N1=NUYRER=2

00 171 « ‘1:4U*BEF
TEEMaV(K1)

D0 173 «2=n1, iUMBER

TF(K1=K2) 174,172,174
TE: M=ThRMe (TIIE-T (#2)) /(T(KL) =T (K2) Y

CO-.TIViif
X(1)2X(1)+TER
€O TO 21

X(ryss

IS ENES ]

‘N2=zg+1

D0 181 Ki=zwil,h2
TEEMsV(KL)

IF(K1-K23164,183,184

TERM=TERMe (TIME-T(x2))/(T(KL1)=T(K2))
€OMTINUE

XC1)=X(1)+TERM
COo. T1liug

N3zNEE 14

[2a1

0O 8435 1=4,M3,4

100

'ARTHUR CAKES LIBRARY
COLORADO SCHOOL of MINES
" “GOLDEN, COLORADO 80401
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N4=s]=3
45s1+3
Yi(12)=y
DO 7455 [3=N4,!S
7655 Y1(12)=Y1(12)+X(13)
Yic12)=vi(12)/7,
6658 [2z3]12+1
S1 T(1)=1,/Y1(1)
DO 6556 1=2,12
DELTA(!)‘(/.*ﬁXP(Ft0AT(4«I¢1)ﬁDT+T(1)))/,19565 pS/YLL])
DELTA(I) SERTCARS(DELTACD) )Y /100,
ST =(OELTACT) /YL (L) =RELTACTI=2) /Y2 (1=1)) /(DELTACI)=DELTA(T=1))
6656 CONTINUE
' INGEX1s=l
INTEX=q
NCx=z3
NCys=2X
0=23,33
anﬁ-.gl
YZAR’aoi
IFLAG=:
ARTTE(122,1727)
122 FORMATOHY, 2X PELEFTRGAAGHETIC INTERPRETATI NG
“ 2NO-=L1 :gaAR FILTERY 16'//) ‘ “ T
WRITE(122,4444)
c WRITE "(144,998)NC%,NCY,N, XZERD, YZERD
LAGTPL=2q
IGR Y=
1PrS=q
INFG=2
c WEITEL144,917)LAS STPL, JGRID, IPOS, [NEG
914 FORMAT(412) T T
‘4444 FORMAT(3Y,'TIME  ¢ARLY  TATE TELTA DELTA',/
211¥%,'RESIS, RESIS, ‘DEPTK CGNDUCTANFE'.//)
‘998 FORMAT(2142,3F12. 0y ——-
7  FORMAT(2X,E13,5,3x,E(3,57
00 911 18=1,14 T ”
911 ABLZD(18)s=2

C =  WRITE(144,912) (A5COUIE),1821,16)
912 FOSMAT(16A5) ‘ o
c ARITE(144,912) (as(1),1=L718)

WRITE (144,913) 12
913 FO-MAT(13)
997 FORMAT(SAS,117)
939 FO~MAT(F12,5)
948 FOSMAT(11)
no 7656 I=1,12
TIME= ;xp(rLOAT(4«I+1)¢ﬁT+T(1>)
VOLT=EXPIYL(I))=SHIFT
RATIO=FACTQRaVOLT
IF(VOLTY3N,332,32>
331 VOLT=av]LT i
RHnrs= (SFALE/(V“LTﬁT!ME*ﬁXPﬁTl))**XPTZ
RHGs=mRH)
GO TO a3
332 RHN= (:FALE/(V?LT&T[4E¢oxPVT1))unXPT"
323 ro'waJr
WRITE (144,7) TIME.VOLT )
7656 WRITE (122,7657) TIME,?ATIO,RHO,DELTACT),SINTCLY
7657 FOTVAT(GA,F64¢3,2(5 ,F6,2)»<(IX2F0,3 )
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RETURY
END
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RHOA.F4

This program reads the output from
SEACKS5.F4 and multiplies it by the
geometric factor to obtain apparent
resistivities.

103
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COMMENT THIS PROGRAM RrADS (M THE DECONVOLVED FIELD DATA

aNnnNnoaonaacaa

©

At:D MULTIPLIES BY THE GEOMETRIC FACTOR

I"PUT FILE = FORyA,DAT,FORE7,DAT
OUTRUT FILE =FQR:1,0AT

OF IAFATE OFREY
“ARCH 1975,

GIMENSION Y(se),u(sz){éwGA(sw)

1=8
IN287
19uT=1
1 R“A’(Ihl ) |,ST"
17 FORMAT(I2,2X,A4)

IF (N ET,»1)STOP
READ(1i,24) IPNT
2 FORYAT(IZ)
HEAD(142,32) SL.sI R THFTA
37 FORMAT(4F)
' PH1322,77.
SUSE4 sOHI#(1,05-47)
ANPHIeTHETAS2, /3672,
SR=23,eSTaSLecoS(aN)
FRz2,ePH18SUSe(Rusd,)
CACTOR=(FR/SRY
REAQCL,42) (T LY, T2, NRNTY
IRTTE(G,82)(T(]),H(T), 121, 8PHT)
"FORMAT(2%,E13, S.ZXcF13 5)
Lo ST Is 1.V7\T
RHOA({)Y=FACTCRaH(])

5 LOMTINGE

TO AF [22,NPNT-y
67 FRHOACD)=RHOA(])+FHOA(]I=-1772, +RHOACI+1)/2,
O 77 124,NFHT-3
73 'RH“A([)-»HOA(I)/? +EHQACT=11/7 4 +RFOA(1=2) /7 +RHOA(]=3) /7,
1+REOB (T 1) /7 (+RHOA( 142177 +RHOA(I+3) /7,
SRITECTAOUT,82) NPANT
8% FORMAT(12) ~
SRITECIDUT,, 92y STH
9 FORI14AT(aX,A4)
WRITECIOUT, 4T (TCI)oRECACLY, I=1,NPNT)
GO TO 1
‘END
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EMFWDS8 .F4

The program computes theoretical curves for
the vertical component of the electromagnetic
field in the frequency domain.



COMMrVT««»aouqonu
TO GEIERATFE FREQUENHCY-NOMAIN COUPLING CURVES FNR
A VERTICAL~AXIS LONP RECEIVER AND & HORIZONTAL GROUNDE:D=
WIRE STURCE.

INPUT FILE IS *#0QRA5,DAT

C
C
C
C
C
c

PRGGRA:

SYTE

OQ#QQO&QD#O%“

DIvEu3ler

CO+PLEX

INCATA=G

10:7T=11

1 NLAYER=%
READCL)
1291 FORMAT(A
WRITE (TG

READ (1.

PT FILE 1S FOR1140OAT
LR X-X°

FRED(12¢),ZC202Z) o RHCLZ) JTHILA) , ALPHAC20)
H(18%)

ATéoiﬁ91)S7V
4)
UT,44091)ST!
JATAL7p2) R

wR!Tn(I“UT 3291)R

3291 FORMAT(F

1200 FO~MAT (

c
c

aaaoan

C

1221 FO=MAT (

2221 FOSMAT (//,2X,'FREGUERCY COGOPLTING BETWEEN GQOU&DED WIRE AND LCOF
X, "LAYER',[2,' HAS RESISTIVITY (F ¢,F5,1,' AND

23972 FORMAT ¢

& Ti1CKNE

2703 FORMAT
2G4 FO=MAT ¢
2005 FORMAT (
" 4 RE2D (1 :
IF (T4¢:,

8

7.,1)
F)
2F)

Sg OF "Fé 1’/)
2%, 'LASTY 1 AYE: HAS RESISTIVITY CF ¢,F5,1,/)

5X, 'FREQUE CY',4X, "REAL" 14X, ' IMAGINARY !, 4X, "MAGNTTUCF Y,

A(SX!'lZp?))
DATA)1721) RWCELAYERY, THUNLAYER)

AVER)) 60505

NLAYE?:“LAYER+1

GO TH o4

COTINUE
FACTARES

o~

FREQ(1)=

DO 8 1=z
FRES(1) =
NOATASI]
CALL Cur
WETTZ (
WEITE (
2?8; FOF“AT (
D0 11 1=

2

TRT(2,) -
il

LI /

VA"TO“#FREF(I- )

VE (NDATA,FREDR,NEAYERVRATH Y H,RY

[NLTe2721)

0T, 27%2p2) R

/92Xy 'SOURGE RECEIVER SEPARATISJ IS YaF7.1.7)
LoNLAYZR-1 ' -

11 WRITF(IQUT,2024)RM 1), THETY

2291 FOPMAT(a
NPITF(IJ
289? FO~MAT(4
0o 12 !

1 WRITE (f
WEITE o
WRITE «

‘N0 12 1=

X, FReis2%XsF5e3)
“’.2”??)PHsJLAVER’
XyF6.:1)

=1 ,NLAYER-.

TUT,2772) LRI, THOD)
I“UTjZ 93) RH(NLAYER)
10UT2224

1.}0ATA

X2z (rEAL(H(I)))#a?¢(AI“AG(”(I)17“¢2

X2sSORTY
12 WRITE (]
Gr To
STrp’
END

X2)
OUT,2275) FREN(IV,H(T), X2

1 s : —

Covoovtspnantgt

C
C

PRI GRA!

TN COYPUTE FRENUENCY NOMAIN COUPLING RETWEEN A

WIWE SOURCE A'n A VERTICAL=AXIS LOOP RECEIVER, FRON J,

Codtunoptttsnndspt

NANTELS,

}

/)



4 &(&HT
SURROUTINE CURVE (NFW,FFINIRH,HPH,R)
DIFEASTION HPPL1g) kP L1r ) oFF(12¢) D) RKCLA) JRH(LY)

COMPLEX H(12A7),H2
Codpapisnaansptivondsanonsy VARJARLES nesesvaratvopopnaute

NPe TWE NJuBRER OF FRECUE 'CLES TO PE CALCULATED
Rz SOURCE=HECEIVER SEPFRATIQON
FF=FRE“UENAY |° HERTZ
FzaNGULaw FREQUENCY
Nz THE NJUMAgR OF LAYERS
HP(1)=2 LAYER THICKMESS
RH(1)= LAYER RESISTIVITY
CE(1)= CAEFFICIENTS Foo CALcUiATINC THE J9a HANKEL TRANSFOR:
YECI)= A3SSCISSA YALURES FCk CALCULATING £FCI)
0“”&&0%&6%&»@*&*6%6%&1& ‘t&&ﬁ#og”%“bﬂn%&(‘&#i*#ﬂ'%%GHL»-;: Y XXX XX X RUER-¥ 4
COiiMdd fGV/ CL,DS,ANG,F,X)YH(40),CH(48),TM
DATA
8YH/=4,3327316E $,-4,37%4731C 7#,~4.2782146E 2,-3,8399561F £,
*3,5296976E 2,-3,379439.FE 2,=3,1431846F 4,-2,91539221F 2,
~2.5836636E 7,-2.,4584051EF 9.-2.22&14655 Js=1.997B8%1E 2,
“1,7876296% €,-1453737LLE 24=2.3271126E 4,-1.£76B541F 2,
“%,66595635=1,-6,1633713E~ 1.-u.36@7363€-1,-1. $22413E-1,
74431735962, 3,34646878~1, 5.3495537E=4, 7.65213878~1,
9.9547237E=1, 1.,2257329E A, 1,4559394F 2, 1.6862479E 4,
1091653646 7 2:1467649E IR 2.3772234¢EF 3, 2.6@72819& ity
2,R3375474% 2, 3,8477989C 37, 3.Z2934574F 2, 3.5283159F
3.75857445 2, 2,9238329E A, 4.2197914F 2, 4,4493499F 2,
4,6996784F £, 4.9078669E G4 '5.1421254F 4, 5.3723839F ¢,
5452364247 g, 5,8309089C ¢y 6,0€11594E 2, 6.2914179E £/

izXeEeReNeReoNeReo NoNoRe

DATA
4CH/3,141:7561E=6, 1 ,B842398E-5, 5,4119540F-5, 9.2&916ﬁ2a-5.
1.55232398«4, 2,3344652E-5, 3.5334744E-4, 1.476A022E-4,
74734237724, 5,357Z857E=4) L.717968%5E-3, 1, 6387239? 3.
3.52574R835=3, 4,5796505E=3) 7,211.4660-3, 1.2139467€-2
2.1938415E-2, ,72A5366CE-2, 5,1973594E~2, 7,4661566E-2
1.1775455E-1, 1,6343574E-1, 2.3127545££1.12.7368461E-1.
2, 4259265C0m1, 1,2278847C a1, =1,53804376<-1,-4.54659951F -,
-3, 6077766u*23 4;Zg“5683E*1f'2.15ﬁ657sﬁ-1,-2,3624312E*1,
8.93157465-2.-7;43«a253£42, 4,357296%5=2,=3,02898728-2,
1038465446 =2, -1 ,21586R7E=2) 8,77287508-3,-5,47..6275£-3,
340755446245 -3,-2.59297E7E=30 1.79010426E-3,-1,2324277E-3,
R,4U95286 m4,~5,574G747E - 4y 3,77L5405F- =4,=1,58916350-42
TM=212,566371kE 7 R i o
DO 2 Jusl,m
2 RK(JJ)= nHti)/P HJJ)
COMMENT =K IS RATID OF LaYER RESISTIVITY To RHO=1
DO - l=1, .FN
F=2¢,28318530FF (1)
COMMENT rs FRgQUENCE IN RADIANS PER SECQOID
DEL-bQ TC2,#RH(1)/(TMaE))
COMMENT SEL IS THE WAVE NUMBER (REAL PART) 'IN'LAYER 1
D0 & JJsi,N
6 DCUJI=2,8HP(JJ)/DFL
CAMMENT n(Jd) IS THE THICKNESS OF LAYER JJ IN TERMS OF FIRST-LAYER

0 D000 00 On On Do' 0 h Oo' G0 (o (o O Go Go Go o Qo B0 0o Do 0o

c SKIth NEPTHS

XsalLNGtR/NEL)
CAMMENT ¥ IS THE LIGARITHM NF THE OFFSET DISTAMCE MEASURED 1:
c S«1it NEPTHS ' Tur FIRST LAYER

Cap, Fy(dp,d2,RK,! ,DEL‘R )
H(1)=z-42



CIMMENT TRAN IS THE REAL PART OF THE VERTICAL MAGNETIC FIELD
¢ IN THE FREQUENCY DOMAIN

20 CO» TINUE
RE TURI
ENS

Clopondtsnunindasotonany

COMMENT £40 OF SURRNUTINE cURVE

C»bo»o&#oouou;#aonauug»u@
COMMENT SURRIYTILE FY(ALUE)

1S USED IN SURRAUTINE CURVE TO .COMPLTE

c THE COWVOLUTION SiUM OF THE HZ FIELD COMPONENT

CRORUEBIBQBBDOBIBDRBRBBY S

SUZROUTIHUE FV (RH,+,RK,NyDEL,R,0)
DIMENSTION RAC(L2),Ru(12),0(1m)

COMDAN /Yy C1.DS,ANG, F.X YH(48)2CA(48),TH
CO¥PLEX H,v1s71,8i'0H1,C1,C2

SUsCHPLX(:1,2,2.,2)
BB=EXP(X) '
Cl=CMPLX(,201,2)
C2=CHPLX{1.,2+1.2)
DO 8 J=i,4Rr

COMMENT 0 LA2%GP T0 0D CQ'VOLNTIO‘"br BESSEL FILTER WEIGHTS FOR ui

YSEXP(r(X= VH(J)))

CALL CALC(F1.V1,Y, »JK"‘MDEL R 0)

HsYoYavge(y,=r1)
H= P/(( feViaFl)e(Y+r1))
SUvsRUNMeCH(J) ax

B COr TINUE

HeCuMaleeThaForonl s 3. /0L
H1=23,=(3,+3,#C20RQ42. “Cl“Rm#aCIOCEXP( C?ugb)

His3H{4)en1/3,
‘Heuvied]
RETURY
EM!

Cottnuatrtppuotpidondsspas

CIMMENT SURRGUTIME T2 CALCULATE THE LAYERED EARTH CORRECTION
C FUNCTION, ALSO wxx0W AS THE STEFA”EoCU FUNCTION OF Tug

T FIRQT KR
Corévpudospsttepttodtatsny

SURRSUTINE CALC(FL,V1,Y,RK.Ny OEL R,

DIENSTar RAECL2Y, Pl
COMPLEX V4,F1,V2,AF%X
Y2eYsY
Tzo,8RK¢!)
V2sCSIRTACHPLYX(Y2,T))
‘00 9 Lus=2,
IFCLL.GT.2) GO TO 4
FisCMPLX(L1,3:7,3)

4 1zvel Loy
DD=D(])
T=2,8RK(1)
V1=CSIATIoMPLX(Y2,T) )

Y,00%0)

AEXz(1,~CEXP(mV1aNN)) /(1 +CEXP(SV{aDD))
F1= (V28F1eV1®AEX)/(V1ev2oF 1aAEX)

9 V2zV1
"RETURW
END

o Rerama
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TRANS3.F4

This program Fourier transforms the curves
computed by EMFWD8.F4 into time domain

using the polygonal approximation method and
also calculates the step response.



44V

B e v 4
Cit:::::::zz::::z::::;i;::::z:::::::x::::::::z::::::::.:.::z..:::::::::
c THIS PRAGRAM CALARULATES THE COSINE TRANSFQORM OF THE REAL PART
C OF AMY FUrCTION, A PO YSGOiAL=APPROXIMATION TRANSFORM
C METHON IS uSEu, THE STEP RESPONSE IS ALSO CALCULATED,
of 3 00 3 HH
C 1.PUT FILE == FOR71,0AT QUTPUT FILE -= FORyY2,0AT
Cebssssessss :3:::3:::::::3:::3":3'3.3:..:..3::::::::;8:3:3:::3::::%:'

DIVMENSIO. R(23),0(25),XX(242),YY(208),5(224) ,F(202),5(200)

3 READ(11,22323)8T"

READ(11,2395)5R
20095 FORMAT(F7,1)
2293 Fo:MAT<A4)
WRITE(2,2794)3TN
WRITE(2,2776)3R | o
27296 FOWMAT(/'SOURSESRECEIVER SEPARATION ISY 1%, F7.1,"METERS 1)
2794 FORMAT(*STATION MUMBER IS ',4X, 'eane' , A4, 0pu0')
READ(11,27221)08(1), (1)
READ(11,2732)(2)
2791 FORMAT(4X,F5,1,2%X,M641)
2092 FORMAT(4X,Fb6,1)
132 _FoeuAr<s(3x El
121 fFOR MAT(5P)._
Pi=2,1415226
WR TF(?  71)
Nz
WRITE(2,1783) (RUTY, DT 131,N)
1233 FARMAT(28X,' RESISTIVITY=',E1p “95X.‘THI’K”E35".E1J"S)

c Is1

37 "QEA3(11.1@2)(R(I).XK(I) YY([ :35)
¢ TFEA(D) 6T 27,0) 50 TOO 38

c Tal+l

b Gr Ty 37

71 FOAMAT (/" T1YE~DO=ATY CURVE FROY COSINE TRANSFORM OF HlJ)Y,EX,
 4'STEA iESPANSE OF THE TINE GURVE') o ANSEORNM U HUJ0 7
38 WRITE(2,72) ' ST
72 FOwMATtlléx.'TI €', 8X, TAMFLTTODE", 3 __3'letf.ex.'AVPLI JogeE")
T= .7
FZFRJOF
CHLCULATE TnE ZERD-TIE ValLUE
NG 4 si,l-1
FZCRO = FZERO « (¢, 2/PF)e(XX{NeLY~ XX(\))ﬁ(h(N+1,~ (MIIY
FOHMAT()f15.7.?2X 2£1%5,7)
CALCULATE T-HE TIliF-ngeals CURVE
e talpoa1 . A L¥RYE
00 &6 K=21,1702
‘F("(’=Z|2
005 J=1,1~1
5 FU)ZFURI (2, 7/(FlaToa2) el (XX(J)- XX QD)7 (WtUeL)=ti( )0
l(COS(N(J)ﬁT)*C°§(k(J*1)0751
FeKY=2agS(F(K))
T-T&? 2
. IFCT,GT,1700,) 60 10 17g
6 CQ=TINUE
C CaLCULATE THE STEP RESPONSE
100 00 18 JjJus=i,!
18 ¥X<JJ)=xx(JJ)/c-1 JreW gy
SZERC=, i
00 14 31,1-1
14 SZrRMETZERNe 001 AP P) XX ia ) =XUl 3 a (W ey )= (N D)

aNas O
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WRITE(2,7)T,F2ERN, T,S2ERD
T=,0221
DO 16 K=1,1002
S({k)=2,:
DD 15 u=1,1=2
15 S(¥)=S(KI+(2,7/(PlaTeaz)) e (XXt =XX(JrLl))/(W(Je1)=N(JI)) )
1(COSEALYIBTIACCSIN(J*1)I#T))
S(x)=A3S(5(¥K))
WRITE(2,7) ToF(K),T,S(K)
TsTe82,?2
IFCT, 6T, 1220,) GO T3 173
16 CONTINUE
© 123 CO-TINUE
¢ Gh T3 3
1309 STnp '
END
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