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ABSTRACT

A time-domain electromagnetic survey was conducted over
the East Rift Zone of Kilauea Volcano, Hawaii. The purpose
of the survey was two-fold. First, the survey was intended
to give greater insight into interpretation techniques of
time—doma;n electromagnetic data. Secondly, a more complete
picture of the geologic structure and hydrology of the Rift,
with special'emphasis on its geothermal potential, was to be
gained.

To interpret the time-domain electromagnetic data, first
the maximum-received voltager were converted to apparent resis-
tivities and mapped. Next, the received transients were
matched with a catalog of asymptotic curves. Then, theor-
etical layeredeearth curves wete calculated and the tran-
sients were again matched. Finally, use of a least-squares-
fit computer program gave a more exact interpretation. Al-
though the asymptotic curves have been calculatéd for no more
than a three-layer case, the theoretical matching techniqgue

may be expanded to a greater number of layers.
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A comparison of time-domain electromagnetic results with
the results of conventional DC dipole mapping surveys shows
that both measurements provide essentially the same resisti-
vity information. Time-domain electromagnetic surveys,
however, provide resistivity versus depth information as well.

After interpretation, a low-resistivity area of geo=-
thermal interest was outlined approximately seven kilometers

south of the town of Pahoa.

iv




T-1700

TABLE OF CONTENTS

INTRODUCTION
DESCRIPTION OF FIELD AREA
Background
Geophysical Studies
Structure
Hydrology
FIELD EQUIPMENT
Current Source
Voltage Receiver
DATA ACQUISITION AND PREPARATION
INTERPRETATION TECHNIQUES
Early-Time Maximum Voltage Method
Asymptotic Curve Matching Method

Theoretical Layered-Earth-Model Curve
Matching Method

INTERPRETATION OF GEOPHYSICAL STUDIES OF THW PUNA
RIFT ZONE

DC Resistivity Data

Time=Domain Electromasnetic Data
A\

page

60

60
62




T-1700

page

Comparison of DC and TDEM Methods 6
CONCLUSIONS 73
Interpretation Techniques 73
Geologic Interpretation (.
APPENDIX A -- ASYMPTOTIC CURVES T
APPENDIX B -- DECONVOLVED FIELD CURVES a3
APPENDIX C -- CATALOG OF COMPUTER PROGRAMS 106

REFERENCES 150

vi




T-170C0

Figure

\n

10

11

13

ILLUSTRATIONS

Map of the Island of Hawaii.

Location map of the gravity and mag-
netic profiles through the Puna district.

Generalized geologic map of the Fast Rift
and surrounding areas. Locations of the
1972 and 1973 EM surveys are indicated.

Block diagram of the eastern part of the
Puna Rift.

Generalized cross section from Mauna Kea
to the Puna PRidge showing fresh- and
salt-water distribution.

The Ghyben-Herzberg Principle showing the
lense of fresh water depressed below sea
level.

Map of the Puna District showing the
location of wells drilled.

Tabulation of drilled wells.

Block diagram showing the source con-
figuration.

Block diagram showing the receiver con-
fipguration.

Penmotor frequency response curve for
the Gould recorder.

Sample recordings of field trancients.

Station locations for the 1972 EM survey.

wii

Page

10

12

14

15

17

18
20



T=1700

Figure
14
15

16

17

20b

21

23a

23b

242

24b

253

25b

2T
~8

Station locations for the 1273 EM survey.

Sample step response of the recording
equipment.

Average maximum voltages and standard
deviations for some stacked sipnale.

A process to remove the instrument re-
sponse from the recorded =signal.

A sample of the effect of excess filtering.

The measuring configuration for a time-
domain electromagnetic survey.

Maximum=-voltage resistivity map from
the 1972 part of the survey.

Maximum-voltage recistivity map from
the 1973 part of the survey.

E'VS.O.1 5 
The layered earth model.

Sample asymptotic curve match for
station EM3-22.

Sample asymptotic curve match for
station EM3-26,

Sample frequency-domain curve match
for station TM3-22,

Sample freguency-domain curve match
for station EM3-26.

Sample time-~domain curve match
for station ®WM3-22,

Sample time-domain curve match
for station EM3-26.

The digital transform process.
Initial error vs final error.
Error reduction vs. iteration.

viii

Page

32

35
37

Lt
Ne}

40

41
44
46

47

51

52




P=1700

i gure

33a
33b

Apparent resistivity map about bipole
source 2.

Apparent resistivity map about bipole
source 7.

Apparent resistivity map about bipole
source 10.

Apparent resistivity map about a
bipole source (1972¥.

Table of interpretation results.

Cross section A-A' through the northern
cection of the survey area.

Cross section B-B' through the southern
section of the survey area.

Cells for resistivity averaging.

TDEM resistivity vs. DC resistivity.

Summary map.

1X

Page

61

63

64

65

A6
70

71

72a
72b
5




ACKNOWLEDGEMENTS

I wish to express my appreciation to Dr. G. V. Keller,
my thesis advisor, for his help and guidance. For their
criticism and participation on my committee, I am grateful
to Drs. L. T. Grose, P. Romig, M. W. Major, and D. I.
Dickinson.

Support for the survey was part of a Kilauea Volcano
project funded by the National Science Foundation (NSF).

I wish to thank John Shupe, Director of the Hawaii
Geothermal Project (University of Hawaii) for permission
to use DC resistivity data from the Puna District. This
project is also funded by NSF.

Finally, I want to thank my husband, Jack, for his
criticism of the thesis and for‘his support during its

preparation.




T—1700 ,

INTRODUCTION

Electromagnetic methods have been used in many geo-
physical surveys in an attempt to relate electrical con-
ductivity variations with subsurface geologic structure.

The earliest mention of an electromagnetic system for prospecting
was in 1908. This method used a "black box" which emitted an
inductive wave which would penetrate all but metallic sub=-
stances. The areal extent of a conductive ore body at

depth could be ascertained by passing this device over the
surface of the ground (Popular Mechanics, 1908, p. 33-34).

In the 1910's and 1920's, patents for loop-loop systems

were issued in Europe and electromagnetic surveys were used
to search for metallic ore deposits. The success of this
method led to the development of a dipole-dipole (ELTRAN)
system for oil detection in sedimentary basins. This me-
thod fell into disrepute when the theory for a layered-
earth model was developed in the 1950's and it was found
that the resolution to identify layers was not as good as
anticipated (Vanyan, 1967, p. 9). Because of this, theor-
etical development of electromagnetic methods has been much
slower than developments of the more popular direct-current

methods.
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There is a basic electromagnntic clascifications:
freguency-domain and time-~domain. With freguency-domain
measurements, individual frequencies are transmitted and
received. Because of this, very narrow band filtering can
be used to reject noise. With time-~domain measurements, a
step change in current is transmitted and a transient is
received. A wider band receiver is required to avoid distortion.

Both frequency-~ and time-domain electromagnetic measure-
ments are inherently related through Fourier transforms.

mathematical modeling in the frequency-domain has

been studied for the layered model more extensively than in
the time~domain. In the literature, frequency-domain theory
and interpretation hae been developed by Keller and Frisch-
knecht (1966), Frischknecht (1967), Keller (1968), Silva
(1969), Prichard (1971), Daniels (1974) and others. Time—
domain theory has had limited publications. A few of the
published articles include those by Kaufman, et al. (1970),
Vanyan (1967), Silva (19€9), King (1971), and Isaev, et al.
(1971). There have been even more infrequent applications of inter-

pretations (Keller, 1970; Jackson and Keller, 1972). Time-
domain electromagnetic: interpretation techniques require more
investigation so time-domain surveys may be utilized to their
full potential.

A time-domain electromagnetic survey was conducted in
the East Rift Zone of Kilauea Volcano, Hawaii, by students

of the Colorado Schonol of Mines. Three interpretation methods
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were used to evaluate the East Rift data. First, a maximum-
voltage resistivity map was plotted. Maximum-voltage resis-
tivities are easily and quickly calculated in the field. For
the remaining two interpretation procedures, a layered-earth
model was used. Next, asymptotic curves were used to estimate
resistivities and thicknesses for a sequence of layers. Finally,
the field data were matched with computer—calculated multi-
layered earth-model curves. This curve matching technique
was carried out in both the time-domain and the frequency-
domain. A 1eas+~squareé—fit technigue was used to find a
closer multi-layer interpretation of the data.

Through this study, interpretation methods of time-
domain electromagnetic data may be understood, and
a more accurate representation of the hydrology and
of the subsurfrce structure and geothermal votential of <the

Racst Rift Zone »f ¥ilauea Volcano will result.




T-1700 4

DESCRIPTTON OF FIELD AREA

Backeround

The TIsland of Hawaii is composed of five volcanoes. The
youngest, Kilauea, is an asymmetrical shield-shaped dome,
and lies on the main rift zone which is also occupied by
Kohala and Mauna Kea (Stearns, 1966, p. 128). The dome is
cut by two zones of dikes which are characterized by fis-
sures and cones. The eastern zone, the East Rift Zone
(Stearns and Macdonald, 1946, p. 129), is also called the
Puna Rift Zone. Fipure 1 shows a map of the Island of Hawaii.
Ancient Hawaiian legend gives an account of the origin
of the Eact Rift Zone of Filauea. ¥ahavari, Chief of Puna,
while celebrating the festival of Lono, announced a Holua
(sliding) contest. In disguise, Pele, goddess of volcanoes,
challenged Kahavari. Pele was badly beaten and, thinking that
her sled was inferior, she asked to trade and try again.
When Xahavari refused, Pele became angry and stamped
her foot causing a river of lava to pour from the hill intn
the valley. Horrified, Xehavari recognized Pele and fled for

the ocean. Coming to a chasm, he saw Pele riding the ap=




T-1700 "

156 i55°
20 V/ KOHALA 20°
® o
& MAUNA KEA
HUALALAI )
APy
e st~
mauna oa @ET_-
KILAUEA
' (]
2 19°
—
O [Omiles
156° 155°

Figure 1. NMap of the Island of Hawaii.
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proaching lava. He crossed by making a bridge with his
spear and safely reached the ocean. Kahavari fled to Oahu
wiere he remained because of his fear of the unforgiving
Goddess Pele. The East Rift of Puna remains as proof of the

power anr disposition of Pele (Kalakaua, 1888).

Geophysical Studies

Kilauea Volcano is the most active modern volcano in the
world. AsS well as at the summit, many eruptions have
occurred along the eastern section of its flank, the Puna
Rift Zone. In recorded historic time, there were Puna erup-
tions in 1750, 1790, 1840, 1884, 1923-1024, 1955, and most
recently in 1961. During the 1961 eruption, the town of
Kapoho was dectroy=¢ by lava. Because many people live and
work in the Puna District along the Rift, the U. S. Geol-
ogical Survey has monitered both tilt =nd seismicity
from the Hawaiian Volcanic Observatory. These measurements
are carr'.~d out to find centers of inflation and seismic
activity related to lava movements to try to locate the
most likely time and area for the next eruption. Such
evaluations are not generally concerned with explaining
subsurface structures, hydrology, or the geothermal potential
of the rift zone.

A few surveys either included or were concentrated in

the East Rift Zone in the Puma District. A regional gravity
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survey of the Island of Hawaii was conducted by Xinoshita,
et al. Macdonald (1965) states that the gravity high along
the Puna Rift shows dense material, such as dikes, at

depth. TFigure 2 illustrates the location of a cross section
through the rift which was interpretated to show the dike
complex.

Malahoff and McCoy (1967) confirm this dike concept
with a magnetic survey. They, too, feel a composite dike
or nlug complex extends to considerable depths. Pigure 2
also illustrates a set of cross sections through the
East Rift Zone. Malahoff and McCoy (1967) believe that the
northern dike system is related to a Mauna Loa rift while the
shallow dike system is related to Kilauea. The two merge
just off shore. This dike model agrees with the Puna Rift
structure obtained from the gravity interpretation.

The USGS flew an IR survey in 1966 which covered a 15 km
strip along the coast 1 km couth of Cape Kumukahi. Near
shore, amomalies show that the groundwater is warmer than
the ocean water. This temperature is attributed to onshore
volcanic activity (Fischer, et al., 1866). The University
of Hawaii recently sponsored A DC resistivity survey of the
East Rift to help evaluate its geothermal potential. The
results of this survey will be compared to the electromagnetic
surveys in the area. Tn 1972 and 1973, a time-domain electro-
magnetic survey was conducted over the eastern section of
the rift to clarify structure with emphasis on the fenthermal

potential of the area.
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Geologic Structure

Figure 3 is a geologic map of the East Rift. This rift
extends from Kilauea southeastward for 7.3 km, then turns
N65°E and continues beyond Cape Kumukahi into the ocean for
70 km, then disappears. The submarine portion of the rift
is 2 prominewt ridge which contains a composite plug or dike
complex. Normal faults occur on the flanks of the ridge.

On land, the East Rift Zone is marked by many fissures,
cones, and pit craters. Macdonald and Eaton (1964, p. 6)
state that there are more than 70 lava vents on the surface
and surely many hundred more which have been buried. Bas-
altic lava which flows from these vents has built a broad
arch with its crest along the rift. This lava comes from
Kilauea through a continuous series of lava tubes. Finch
(1946) reasoned that the high number of pit craters are
formed by engulfment into lava tubes. "The upper grouping
of the craters is due to the intersection of the Puna Rift
by a series of fissures trending NE-SW....Any such inter-
section....would be a favorable location for the develop-
ment of pit craters" (p. 2).

Generally, vents occur on the northwest side of the
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rift and mark the zone of faulting and cracking. The south-
east side is marked by cinder cones and is the area of most
eruptive activity. Moore and Richter (1962) interpret this
saying "that the rift zone dips southeastward, with the
zone of faulting marking its actual surface intersection
and the zone of cones formed by piercing its hanging wall"
(p. 446). The south side of the rift zone is steep from
faulting. Many en echelon fissures follow the rift. Fig-
ure 4 shows the relationship of these fissures, cinder cones
and grabens on the eastern part of the rift.

The rift zone is bounded by grabens. The graben area
has been filled repeatedly so that the total movement is
not measureable; but it must be considerable. For example,'
in 1924, vertical movement of 10 to 12 feet was measured
during an eruption (Finch, 1925). The rift is covered by
alternating layers of ashes and flows of unknown thickness.

There are two basic concepts to explain the existence
of the East Rift. Macdonald (1949, p. 63) believes that
Kilauea results from the intersection of gravity faults in
the flank of Mauna Loa with an easterly zone of fissuring.
Moore feels that the rift is the result of large scale
landsliding. He believes that the southern slope of Kil-
auea is sliding seaward, the fractures on which the move-
ment is taking place steepening to near vertical to form
the East Rift Zone, with graben collapse along the upper

edge of the sliding block (Macdonald, 1965, p. 327). Magma
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Figure 4. Block diagram showing the relationship between
faulting, eruptive fissures, and cones in the
eastern part of the Puna Rift (after Moore and

Krivoy, 1964, p. 2042).
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then rises through the fractures. "Macdonald disagrees

and cites the gravity anomaly found along the rift zone.
This gravity high shows dense material, such as dikes, at
depth. Macdonald interprets this as a continuation of the
rift at depth. He feels the "most proable cause of the
Hawaiian rift zone still appears to be inflation of the
volcano by intrusion of magma within it" (Macdonald, 1965,
p. 328). He claims that his theory is further supported by clay
experiments in which cracking patterns extend from a center
of inflation. Stearns (1966, p. 144) feels that "subsidence
appears to be due to the spreading of the dome under the
influence of gravity and dike injection, possibly aided by

melting and absorption of rocks in the grabens by the magma".

Hydrology

The eastern section of the Island of Hawaii is under-
lain by basal groundwater with the exception of the East
Rift Zone of Kilauea. Here groundwater is impounded at
higher levels by dikes. TFigure 5 is a generalized cross-—
section showing the groundwater levels within the East

Rift Zone.
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Figure 5. Generalized cross-section from Mauna Kea to the
Puna Ridge showing fresh-and salt-water distri-
bution (after Stearns and Macdonald, 1946, p. 225).

Throughout many parts of the Hawaiian Island chain, a
Ghyben-Herzberg system is present. Figure 6 illustrates
the Ghyben-Herzberg Principle: t = 40 h. 1t is the thickness
of fresh water depressed below sea level; h is the height

of fresh water above sea level.
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SEA LEVEL

~=-—"" SALT WATER

Figure 6. The Ghyben~Herzberg Principle showing the lense
of fresh water depressed below sea level (after
Stearns, 1966, p. 234).

A permeable lava-rock aquifer and impermeable coastal

plain rock are necessary for development of such a system. Fither
a poorly developed or non-existent lense occurs when the
rock structure is not fairly homogeneous or when the rocks
have too low permeability. Although Ghyben-Herzberg systems
are well developed in some areas, especially Pearl Harbor,
there appears to be none in the East Rift Zone of Hawaii.
In this area, the structure is unfavorable; the rocks are
cut by numerous faults and dikes. These dikes also form a
barrier to southward movement of groundwater from the north
where the annual rainfall is great (Wentworth, 1947).

The annual rainfall near Hilo averages 200 inches/year.

This level drops to 100 to 125 inches/year in the East Rift.
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The normal gradient of the groundwater level in areas of
heavy rainfall, such as here, is 4 feet/mile from shore

(Duncan, 1942).

Numerous wells have been drilled in the survey area
which reinforce this concept. Figure 7 shows the location
of wells and shafts in the eastern section of the Puna
Rift. Table 8 summarizes the data from these wells and
shafts. With a few exceptions, most of the well water
temperatures are cool or warm, but not hot. Davis, (1968,
p. 30), when discussing water resources in Puna, notes some
"sparse thermal anomalies to be seen on infrared images of
near-shore water along the south shore suggests that much
of the issuing groundwater is warmer than the surrounding
séa water". Wells drilled by the Hawaii Thermal Power
Company in 1961 confirm the presence of high temperatures
(2OOOF to 215°F) in one part of the East Rift. But these
temperatures are not high enough for a commercial geother-
mal system. Macdonald (1973) thinks the Bast Rift might
vield a geothermal system but at depths considerably below
sea level. Present wells have not penetrated this deep. A
resistivity survey can penetrate much deeper and may show

evidence of greater temperatures at depth.
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EXPLANATION
3:5-1
DRILLED WELL

X1
THERMAL WELL

(|

SHAFT

HILO t

DUG WELL

KILAUEA VOLCANO

Figure7 . Map of the Puna District showing the location of
wells drilled.

e




FIGURES3 : TABULATION OF WELLS IN THE EASTERN PART OF THE PUNA DISTRICT, EAST RIFT ZONE

WATER LEVEL C1l CONT. BOTTQ?

WELL NUMBER ALTITUDE DEPTH ABOVE MSL (PPM) T (F COMMENTS REFERENCE
Thermal 1 1,009 178 | 130 Lost tool in hole 1
Thermal 2 1,035 556 215 Lost tool in hole 1
Thermal 3 563 £20 200 Steady temperature 1
Thermal 4 250 290 110 Strong circulation of sea 1
water
9=5 705 754 18 6 *72 Taps water in pyroclastic 2
material
9-6 287 337 3 350 92-94 2
9-7 752 802 3 aC *74 Fresh water 2
Dt 274 316 1 7,000 127-130 Very saline, unused 2
9-10 230 250 12 295 79 Unused 2
9-11 402 446 10 16 *74 2
o 38 41 2.6 Domestic use, shaft 2
+ **The dug wells generally are about 30 feet deep. They have been used for

either stock or industry. Most are brackish and some water levels vary
with the tide.

1 Stearns, 1966, p. 248
2 Davis and Yamanaga, 1968, p. 30
¥ Dept. of Land and Natural Resources of Hawaii, 1970, p. 145-146

*¥* TIbid., p. 155-157

00LL=L
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FIELD EQUIPMENT

Current Source

A Dblock diagram of the source equipment is illustrated
in Figure ©. The power source used for the 1972 survey and
for soundings EM3-1 through EM3-47 of the 1973 survey was a
30 KVA, water-cooled, Onan generator with an output of
220 volts. The generator output was stepped-up to
440, 660, or 880 volts with a three-phase transformer. The
power source used for the remainder of the 1973 soundings
war 1 12,5 KVA, air-cooled, Onan generator with an output
of 220 volts. Two series=—connected, single-phase, tranc-—
formers were used to step up the supply voltage to a maxi-
mum of 1,000 volts. The AC voltage from the transformers
was rectified and an asymmetrical square wave was applied to
the source electrodes. The square wave was applied to the
electrodes through 12-gauge wire with a resistance of 1.6 .0~
per 1,000 feet. The electrodes consisted of ten-~foot lengths
of galvanized steel pipe. Several pipes were buried in
shallow trenches, soaked with salt water, and connected to

form each grounding electrodes. The current between these
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Pigure 9. Block diagram showing the source configuration.
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electrodes was recorded on an Esterline Angus T-171-B

paper-and-ink chart recorder.

Voltage Receiver

A Dblock diagram of the receiver equipment is illustra-
ted in Figure 10. The vertical component of the changing
magnetic field was detected with a square loop of 26 turns
of wire, 250 feet on a side.

From the loop sensor, the received signal entered a
signal conditioner. For the 1972 survey, the signal con-
ditioner consisted of a 20~Hertz, low-pass, passive filter.
For the 1973 survey, a White, 60-Hertz, band-reject, pas-
sive filter was ﬁsed. In addition, a 5-~Hertz, low-pass,
passive filter was applied for soundings EM3-6 and EM3-17
thrOugh EM3-21. After the conditioner, the received voltage
passed through an amplifier with a variable gain from 1 to
1,000. The amplified voltage was then recorded on a Gould
Brush Mark 250 paper-and-ink, chart recorder with a High
Gain DC Preamplifier Model 13-4215-62. The recorder has
a maximum sensitivity of 10 microvolts/inch and a maximum
recording cpeed of 0.2 seconds/inch. The Gould recorder

has a flat frequency response from DC to 30 -Hertz. (See

Pigure 11).
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DATA ACQUISITION AND PREPARATION

For the time-domain electromagnetic survey, a line
source and loop receiver were used. There are three types
of line sources: long line,‘short 1iﬁe, and a finite-length
line. With a sﬁort line source, measurements are taken at
a distance great enough (usually five ﬂource.lengthp) such
that the source appears to be a dipole. When a long-wire
source is used, its length is large compared to the offset
distance sd that it can be considered infinite. The finite
length is intermediate;

Tﬁe mathems tical exprecsion for a finite 1éngth source
is very compliceted and has not been developed. Vanyan (1967)
stated that the dipole approximation worked well for distances
from tﬁe’source.which are several times the depth to a boundry.
Therefore, dipole approximations were used to interpret the
time-domain electromagnetic data even though measurements
were taken a distances less than five source lengths.

For the 1972 part of the project, three sources, 1.6-
km, 2.0-km, and 1.4-km 1ong'were used. A ?2.4=km longec nource
provided current.for the 1973 survey. A snuars wave with a

15-second period introduced between & ~nd 15 amps of current
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into the ground. Measurements of the transient magnetic
field resulting from the current step were then made with
a 1,000-foot loop of 26-conductor cable laid out in a square.
Figure 12 illustrates a sample transient curve recorded in
the field.

Recording stations were located with a density of one
per square kilometer when possible. Recordings were not
taken off the ends of the sources because the theoretical
coupling drobs off to zero. This can be seen from the
equation which converts voltage to apparent resistivity:
V = F(()a)‘cos-ea is € increases to 90° off the end of the
source, cos -+, and therefore, the voltage becomes zero.
Figures 13 and 14 illustrate the station and source loca-
tions for the two parts of the electromagnetic survey.

After the data were collected in the field, they were re-
turned to the office for preparation for interpretation. First,

step response (Figure 15) had to be removed from the record-

ed signal so only the response of the earth remained. To
achieve this, both the step response and the received trron-
csient were digitized. An 0.8 second length of each record
was digitized at a 0.02 second time interval. The digiti-
zer has a dynamic range of 60 db which, for quiet signals,
provided an error in the voltage reading of less than 1%.
The digitized information was then fed into a computer pro-

gram for processing. For noisier signals, the data were
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stacked 10-fold so that error in transient representation
would be reduced. When the stacking procedure was required,
a statistical test was applied to insure that each data
point lay within a reasonable distance of the average signal.
If the value were more than two standard deviations from the
average, it was rejected. Statistically, for a large number (n)
of stacked signals, the random the noice level is reduced

by a factor (n-J.)%', which is a factor of three for n = 10.
To illustrate the signal to noise ratio, Figure 16 lists

the average maximum recorded voltage and the standard
deviation for a few stacked signals.

A current step is introduced into the earth; the
received signal is then passed through a recording system;
thus the output is a function of the input step convolved
with the earth response and the recorder response. To find
the response of the earth to a step input, the step response
of the recorder was removed through deconvolution. PFigure 17
illustrates this process.

The output time function contained considerable noise
at the Nyguist frequency which resulted from sampling and
transforming. To reduce this noise, a non-linear filter
was applied. Because the data are represented on a bi-log-
~rithmic plot, the noise appears to have greater amplitude
and to be higher in freouency in the later part. Therefore,
a logarithmic smoothing technigque was used. Linear times

and voltages were converted to logarithmic times and voltages.
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Station
5
7
8

14
15
16
25
26
27
28
29
30
34
35
36
37

Pigure 16.

31

(Vmax) (a) Vmax

Maximum Voltage (Volts) Standard Deviation U
046.0 x 107 06.29 x 10™° 7.47
0120. x 1077 04.91 x 10™° 54.4
0.322 x 1073 0.241 x 1074 13.3
0.795 x 1075 0.104 x 107> 7.€5
0.127 x 107° 0.533 x 1074 23.8
06.66 x 1074 03.85 x 1077 17.3
084.7 x 107° 02.98 x 1072 28.4
0.449 x 1075 | 0.532 x 10~" 8.48
0.372 x 1073 0.176 x 1074 1.1
0.161 x 1073 0.167 x 1074 9.65
0.103 x 1073 0.818 x 107 12.6
0.837 x 107% 0.111 x 1074 7.54
0.292 x 107> 0.312 x 1074 0.36
0.206 x 1073 0.996 x 1072 20.7
0.235 x 1073 0.228 x 1074 10.6
0.296 x 1073 0.185 x 1074 16.0

The average voltage and standard deviation for
some stacked signals.
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Figure 17.

STEP 1:
§ 1) -OI EARTH —Dl RECORDER [r=——ip e(t)aa-(t)*s“(t)
STEP 2: |

$1(x) —!| RECORDER | r(t)#d ' (%)

STEP 3¢+ FOURIER TRANSPORM EACH OUTPUT

OUT1 (o) = E(w)*R(w)*D™" (w>) l TIME

§'(t) - step
-1
0UT2(w) = R(w )*D  (w) e(t) - earth function

r(t) = recorder function

E(w) = 00T (recorded transient)
FREQUENCY DOMAIN

O0UT2 (recorded instrument
step response) p-! (@) - step

B(w) * jw ge(t)* 8"1 (t) E@) =~ sarth function

R@) - recorder function

STEP U:

This is the step response of the earth alone.1
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Values were then interpolated to provide equally spaced loeg-
arithmic data. These values were then smoothed by seven
point averaging.

The resultant deconvolved voltage was converted to

4
epparent resistivity using the equation: (>a = %lhgx_gég%}
(Vanyan, 1967). The apparent resistivity and corresponding
time value were then plotted on log-log paper for inter-
pretation. Appendix B contains the p}otted deconvolved
data from the 1973 part of the survey.

Appendix C contains flow diagrams and complete listings
for the computer programs used to process the data. SYSTEN.F4
computes the Fourier transform of the step response and STACK2.T4
carries out the deconvolution process, smooths the data, and
converts voltages to apparent resistivities.

After deconvolution, the quality of some of the data
was not good enough for the curve matchineg. Stations EM3-1,
EM3-5, EM3-7, EM3-8, EM3-14 through EM3-16, EM3-22 through
EM3-30, and IEM 3-35 provided excellent transients. On the
other hand, stations EM3-2 through EM3-4, FEM3-Q through EM3-11,
EM3-33, EM3-45 through EM3-48, and EM3-50 were taken so
close to the source that the early part of the transient
was lost in deconvolution. This resulted from the rise time
of the signal being more rapid than the rise time of the
recording apparatus. Another problem occurred with Stations
EM3-6 and EM3-17 through EM2-21. To reduce the high noise

level, a 30/‘f capacitor was placed across the loop. The result




was to lengthen the rise time of the recorded signal.
Figure 18 illustrates the result of excess filtering for
station EM3-6. Because of the slow response of the record-
er, the high frequency components were lost, the signal was
distorted, and the front end of the deconvolved signal
drooped. The remaining soundings were not of the quality

as the first set mentioned, but they were interpretable.
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INTERPRETATION TECHNIQUES

Early=-Time Maximum-Voltage Method

Through manipulation of Maxwell's equations, Vanyan
(1967) has derived an equation for apparent resistivity
for early-time coupling between a line source and a vertical-

axis loop receiver:

2R V()
eb - 3 MA cosé

ea is apparent resistivity,

b is distance from source to receiver,

v is voltage received,

i is the source moment (current x length),
A is the area of the receiver loop, and

& is an angle measured from source to
receiver,

The following assumptions were used to arrive at this equation:
1. Displacement currents were considered small

enough to be ignored.
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2. pwas 2 constant (47r x 10-7) for all medisa.
3. The air layer above the surface of the earth
was neglected.

4. The system displayed cylindrical symmetry.

1im > O

P R while 1lim t —=0 or
kt/Rz is small.
This equation is valid for early time:
T =0 t//,,tcz-ﬁ2 < 1/47 (Vanyan, p. 49).
Here: ’7J in normalized time
t Js recorded time,

M ois 47 % 1077 Henrys/m, and

J is conductivity (inverse of resistivity).

Figure 19, The meacsuring confipuretion for a time-domnin
rlectromarmetic survey.
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irure 10 i1lTuntrates the measuring configuration for
line-~loop time-domain electromagnetic surveys. TFigures 20a
and 20b are the mapped results of applying the early-time
equation to the maximum voltage of the received transient
signaol. Because the 1972 sources are on the ocean and the
1873 source is on land, the level of resistivities is
different but trends are continuous. When a source is
located on a large conductor, such as the ocean, much is
the current spreads seaward instead of landward thus causing
the rosistivities to appear 1ower.'

Tf there is = conductor below the first layer, the
meximum voltage resistivity is equal to the first layer
recistivity. With a resistive second layer, there is a slight
increase in recistivity with time before the transient drops
off. Therefore, when a resistor is present, the maximum
voltage resistivity is slightly greater than, but close to,
the first layer resistivity. The distortion depends upon
the resistivity contrast from first to second layer and
layer thickness. Because a conductive second layer was
present in the Bast Rift Zone, the maximum voltage resistivity
map is a representation of the first-layer resistivities.

But the first-layer resistivity observed with a time-domain
electromarmetic survey may not be the surface layver resistivity.
Because the transient is sampled at o finite time after transmie-

sion, very challow information is lost. Figure 21 illustrates
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the thickness of a layer that would not affect the transient

by more than 107 after the smallest sampling time as a function
of resistivity. This shows a characteristic of time-domain
soundings; the surface layer is not seen. Discussion of

the results is presented in the interpretation section.
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Asymptotic Curve Matching Method

It has been shown that the early-time asymptote for
electromagnetic coupling may be computed from the magne-
totelluric Q2 function (King, 1971). In the magnetotelluric
method, natural electric and magnetic fields in the earth
are measured. Apparent resistivity is defined as 14uju(EX/Hy) 2
(Cagniard, 1953). The ratio of first layer resistivity
to apparent resistivity is the function Q2. gx is the
electric field, _I-ly is the magnetic field, and W is angular
frequency.

To calculate the asymptotes, first the Q2 function was
computed in the frequency-domain. This was then transformed
into the time-domain using a polygonal-approximation
transform method. Appendix A contains the resultant time-
domain Q2 curves for a step input. The Q2 curves were
calculated for three-layer cases assigning the basement
(third layer) resistivity a value of zero (a perfect conduc-
tor). PFor each set of curves, H2/H1 was varied while

f)2/f71 was held constant. The following Figure displays the

layered earth model used for these curves.
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Figure 22.

Layer 1
Thickness --= H
Resistivity --1(31

Layer 2
Thickness =- H2
Resistivity =-- 62

Layer 3
Thickness —-- OO
Resistivity -- €3=o.o

The layered-earth model.

44-
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To analyze the field data, the deconvolved curves
(apparent resistivity vs. time) must be compared with the
theoretical curves ( /Cg{/ol Vs QFB using a curve matching
technique. Both curves are plotted on log-log paper. Keep-
ing the axes parallel, the deconvolved curve is moved along
the theoretical curves until a favorable match is found.
However, because.fﬁ(abcissa) must equal @, (ordinate), there
is only one degree of freedom in shifting the curves, a line
with a slope of -45°. This insures that £ from'7%=t /ﬁ/ﬁbRg)
must be the same as the value of resistivity obtained from the
/9a//91 axis. The limiting match line is indicated on the
samples which follow. The result of curve matching is to find
values for the ratiOS/Oz/fal and HZ/Hl'

These asymptotic curves are appropriate only for environ-
ments where the basement is a conductor, or where a conductive
layer is so thick that the sounding does not penetrate completely
through it. Such was the case in the East Rift Zone of the
Island of Hawaii.

The next few pages show samples of processed field data
matched with asymptotic curves. After a first estimate is
obtained from the asymptotic curves, a more accurate inter-
pretation may ﬁe made using theoretical coupling curves as

presented in the next section.
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Parameter 12 /H1
Parameter H?/H1 4 1.0
1 0.1 5 2.0
2 0. A 5.0
3 0.5 74 10,0
| 1
0.1 1.0

Figure 23a.

TIME (SECONDS)

Sample asymptotic curve match for Station FM3-22.
The point set is the field curve; the solid
lines are the asymptotes. The theoretical inter-
cept is the point (1.0, 4.0).
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\\ Match Line
%10.0 STATION EM3-26 |
S \
p
-
2
-
2
n
w
@
-
@
g 1.0 }— -
< /p,=0.5 FAMILY * 6
2°M1
P:gn.n‘gter H2/H1 \
1 0.1
: o5 A N\ N
A 1.0 |
5 2.0
3 5.0 l |
1 10.0
0.1 1.0
TIME (SECONDS)
Figure 23b. Sample asymptotic curve match for Station EM3-26.

The point set is the field curve; the solid
lines are the asymptotes. The theore%ical inter-
cept is the point (7.0,1.0).
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Theoretical Layered-Earth-Model Curve Matching Method

Daniels (1974) developed a pair of computer programs
for electromagnetic interpretation. The first program
utilized linear filter theory to numerically evaluate an
electromagnetic field for a dipole source over a layered
earth. Because of its gpeed and accuracy, a convolution
technique was used to calculate theoretical freauency-domain
curves. The second program uses a least-squares curve-fitting
procedure (Marquardt's method) to interpret fregquency-domain
electromagnetic sounding data. Tirst, a theoretical model
is chosen. The resistivity and thickness ?arameters estimated
for a field curve are chosen and a theoretical curve is
calculated. Next, the theoretical curve and field curve are
compared and an error is calculated. Adjustments are made to
the estimated parameters, and another comparison is made.
This pfocess continues until the error is small. The output
is o secuence of layer resistivities and thicknesses and an
error value. Thiec error ( ﬁa ) is calculated as (Yobserved~
Ymodel).2 This definition of error is not very useful in
analyzing the closeness of two curves on o bi-lngarthmic

plot. Therefore, when diccussing error, an RMS value will
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be calculated:

Ye
<: Z:.(lqg,Y observed — log Y calculated)2

N

Because the‘Hawaii field data were recbrded in the time-
domain, Daniels' model program for curve matching was not
directly applicable. The First approach to this problem
was to convert the deqonvolved field data into the freouency-
domnin. A polygonal—approximation transform method‘(PapouTjs,
1062, p. 56-59) produced freauency-domain data from the ori-
ginal time—-domain curves. ﬁecause the time-domain curves
resulted from é step/input, the step must be deconvolved,
so that the impulée‘response, alone, is tfansformed into
the ffequency—domainQ A curve-matching technique could now
proceed in the freauency-domain.

Next, thé samé polygonal-approximation method wac applied
to the computer-generated freguency-domain curves. Thesec

curves were calculated on the basis of first approximations

made with asymptotic curves. These model curves were converted

to the time—domain and the step-response was calculated. The

time—-domain field data was then matched to the resultant
timec-domain mathem&tically—modnied curves.

Pigures 24a and b illustrate a few of the field tran-
sients converted to the freouency-domain and the theoretical

coupling curveo used for matching. The next two illustrations
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THEORETICAL CURVE STATION EM322|
g =100a-m "H; =1000m
p2= 5a-m  Hz500m \
=0Ln-m
e3
1 l -
l. 10 FREQ. (HZ)

Figure 24a. Snomple frequency-domain curve match for
Station EM3-22. The point set is the
transformed field curve, the solid 1line
is the theoretically calculated curve.
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f
STATION EM3-26
. . T . \.
THEORETICAL CURVE
el- lo.ﬂ."m Hl '500“1 .
@2"5a-m  Hp=l000m
63. ON-m
L. I I I
O.l 'OrREQ. (HZ)

Figure 24b. Sample frequency-domain curve match for
Station EM3-26. The point set is the
transformed field curve, the solid line
is the theorectically caloulated curve.
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Pigure 25a. Sample time-domain curve match for

Station EM3-22. The point set is the

transformed field curve, the solid
line is the theoretieally calcubated

curve.
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APPARENT
RESISTIVITY (t-M)
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THEORETICAL CURVE
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By 48M Hp300M
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| 1
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Figure 25b.

Sample time-domain curve match for
Station EM3-26. The point set is the
transformed field curve, the solid
line is the theoretically calculated

curve.
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(Fisures 253 & 25b) show the same curves compared in the time-
domain.

Truncation and sampling caused the major problems in
the transformetion process. Because of these digital proce-

dures, there was ripple in the transformed curves (sec Figure 26).

-
FREQUENCY SAMPLING BOXCAR
CURVE FUNCTION FUNCTION
TRANSFORM TIME
FUNCTION CURVE

F(ew) # S(w ) # B(w )=====Bp £(t).s(t) b(t)

Figure 26. The digital transform process.
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The boxcar function from truncation has no ~ffect if
the function which was transformed was zero for all values
not =~mpled. However, if the funciion is not bounded by
zeros, such as the case of the electromagnetic curves, =
ripple is superimposed on the transformed function. The
ripple may be reduced by increasing the length of the func-
tion to be sampled. By campling over a 6 decade range, the
oscillations due to trunction were reduced to a tolreable

level. A more noticeable ripple resulted from sampling.

The problem here is similar to the problem discussed in the
data processing section under computer deconvolution. The
difference is the previous sampling procedure used equally
spaced data. TFor the polygonal-approximation transform
method, the sampling procedure used non-equally spaced data.
But the data were egually spaced on a logarithmic scale so

an analogy may be made. The Nyquist frequency is one half

of the logarithmic sampling frecuency. The resultant ripple

in the transformed curve is constant in frequency when plotted

on a log-log graph but, as before, the ripple amplitude

appears greater as the transformed curve decreases in amplitude.

Due to the symmetry principle, the above discussion is valid

for transformation in both the time and frequency-domains.

Finnlly, some of the best curves were interpreted using

Daniecls!' VMaronardt least—-squares-fit program to provide

better interpretations.
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A listing and flow diagram for Daniels' program which
have been modified to calculate only the real part of line-
loop coupling are included in Appendix C.

The following graph (Figure 27) illustrates the
reduction in error that may be expected when using the least-
squares=fit computer program. The diagonal lines divide
areas of similar error improvement. As would be expected,
the better the first estimate, the better the final output.
This generalization is not true, however, if the first estimate is
too close., When this happens, the prosram is unable to make
an improvement. PFigure 28 shows the reduction of error with
each iteration for some sample runs of the least-squares-fit
program.

To test the reliability of the fitting progr=m, & theore-

tical curve was used as the observed curve. The parameters

were:
F'l = 100 =m ‘h1 = 500 m
f)2 = 5n-m h2 = 1000 m
PB - O,(L-m R = ‘SOOO m

The program was run seven times with the estimated

parameters:

()1 = 10 n-m hl = 500 m
f>2 = .l! 2y Ly g 45 Ts
and 20 o.-m h2 = 1000 m

PB:OD_—m R
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Figur~ 20, TInitial vercus final error for curver pror »ren
in the least-squares~fitting program.

FINAL RMS ERROR

NITIAL RMS ERROR
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Figure 28. The reduction of error with each jiteration.
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When the poramcter ()9 was far from its' true valuc
(.1 to 3, 7, and 20), the fitting progrem tended to reduce
oy
correct value of 5. -m. Only when the estimated (99 para-

to approximately 150 meters and did not adjust P 5 to its

meter was close to the true value did the program converge
towards the theoretical solution. Daniels (1974) stated,
and this test confirmed, that the input parameter should
be within 207 of their true values for a good fit. Otherwise,
a2 false it mny occur.
Tt should be emphnized that a final BYMS error of 2%
does not imply that the recistivities which result are
+ 29, The RMS error only indicates how close the observed

curve is to the calculated curve.
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INTERPRETATION OF GEOPHYSICAL STUDIRS OF THT

PUNA RTFT ZONE

DC Resistivity Data

Variations in resistivity may be mapped using the
dipole-mapping method. Current is introduced into the
ground through a line source and voltage is measured with
perpendicular short-line receivers. In the summer of 1973,

a detailed dipole-mapping survey of the Puna and Xau districts
was sponsored by the University of Hawaii under a grant from
the National Science Foundation.

Figure 29a is a map of the dipole survey around source 2
which is identical to the source used for the 1973 time-
domain electromagnetic survey. The resistivity distributions
from the EM and DC data are very similar. It is felt that a
geothermal reservior would be characterized by a relatively
high porosity and temperature in excess of 180° ¢. Both
factors would cause a rock to have a lower resistivity.

Thus, in prospecting for a geothermal reservior, we cearch
for o region with diagnostically low values of resistivity.
Approximately 2 km south of the source is a region of lower
resictivity. Tn both the DC and EM data, this region is
enclosed in a '0gfn-m contour with higher contours surrounding.

This area of interest will be examined more closely in the
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Pigure P8a. Apparent rasistivity map nbout bipole source ?, located
along %the rozd from Pahoa to ¥aimu, in Puna. (Shupe,
written communication, 1972).
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following section. Generally, the remainine resistivities
decrease toward the ocean because the salt-water/fresh-water
interface is closer to the surface.

Figures 29byc, and d are the results of dipole mapping
measuremente from additional sources. These are used to
confirm the results from source 2 and to expand the coverage
to the 1972 survey area. As with the electromasrmetic data
in Figures 13 and 1.4, the shoreline source 10 data and inlond
sourcre ?, data can not be dircctly compared huvt trends can
be compared. Source 10 confirms the low resistivity zone

that was apparent from source 2.

Time-Domain Electromasnetic Data

The results of the interpretation of the 1973 part of
the electromagnetic survey are summarized in tabular form in
Figure 30. A layered—earth interpretation was not poscible
for all ourves.' Tor stations too clors~ to the source, only
a first=~loyer resistivity could be calculated from the
maximum-received voltage. For the stations very far from
the source where extreme filtering was used, the transients
were too distorted for a curve-matching interpretation. Only
a maximum=voltoge resistivity ic listed for these soundings.

The contoured maximunm resistivity map reflects the geology.

The ¥ilauen @iko nystem is ewpressed by 2 high resistivity
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Figure 30. Table of Interpretation Results.
(Resistivity -- ohm-m; Thickness == m)
Station {) 1 H, eg Hy e3
1 12 500 24
2 23
3 11 (93)
4 23
B 23 800 10 1400 1
6 16 (EXCESSIVE' FITAERING)
7 14 700 5 1300 1
8 10 700 5 1000 1
2 20 (320)
10 20 (280)
11 21 (260)
12 31 (580)
13 106 440 5 440 2
14 92 800 18
15 159 500 31
16 51 (BEST MATCH - UNIFORM EARTH)
17 131 (EXCESSIVE FILTERING)
18 39 (EXCESSIVE FILTERING)
19 42‘ (EXCESSIVE FILTERING)
20 68 (EXCESSIVE PILTERING)
21 64 (EXCESSIVE FILTERING)
P 119 700 5 350 2




T-1700

Figure 30 (cont.).

Station

H

67

€1 1 Q2 > 3
23 13 600 4 600 1
24 14 600 5 600 1
25 11 600 4 1200 1
26 9 700 4 1300 1
27 12 820 6 1000
28 17 1400 12
29 17 1340 11
30 16 800 5 950 1
31 5 (SIGNATL BELOW NOISE LEVEL)
32 104 (595)
33 81 (720)
34 109 950 5
35 87 1400 17
36 99 1050 5
37 77 1050 5
38 103 440 68 440 5
39 43 440 67 440 5
40 71 1020 5
41 74 1080 5
42 92 1050 6
43 58 945 5
44 59 900 5
45 144 775 6
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Figure 30 (cont.).

Station P1 H, Pg Hy 6)3

46 45 (41)

47 29 (41)

48 20 (295)

49 15 Q40 1
50 20 (272)

51 60 (RECORDER PEN BROKE DURING MEASUREMENT)
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zone which is particularly noticeable on the 1972 resintivity
map. The displacement on the rift is characterized by a
resistivity high on the 1973 map. As discussed in the
hydrology section, it is thought that the East Rift dike
system forms a barrier to ground water movement from the
heavy rainfall area to the north. The higher resistivities
to the north could result from saturation with fresh water
instead of more saline sea water which produces lower resist-
ivities toward the ocean.

Two cross sections were drawn to summarize the electromag-
netic interpretation results. The cross sections were
selected to two very different regions of the survey. Cross
section A-A' (Figure 31) illus£rates a dike complex in the
rift area. This type of structure is characterized by
higher resistivities. Cross section B-B! (Figure 32) shows
the low resistivity zone which begins at the surface and
becomes more conductive at a depth of about 700 m. It is

presumed that this resistivity low is a result of both salt
in solution in ground water and heat. Surrounding resis-

tivity zones are also influenced by salt water underground.

Comparison of DC and TDEM Methods

A comparison was made of the ~prorent resistivities
from the dipole resistivity (DC) data and the maximum-—

voltage resistivities from the time-domain electromagnetic
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Figure 31. Cross section A=A ' through the northern -
part of the survey. See Figure 16 for -
cross section location. otLLLililill
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Figure 32. Cross section B-B' through the southern part of the
survey. See figure 16 for cross section location.
See figure 36 for horizontal and vertical scale.
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(TDEM) data. Tirst the survey area was broken into one-
square~kilometer cells (sce Tirure 33a) DC resistivities
from four sources which covered the area were averaged for
each cell. The same was done for the two TDEM surveys.
Figure 33b summarizes the results of this comparison. The
dashed line is the fZDC = /OTDEM Jine. Resistivities from
the two methods are very much alike. However, with the
TDEM method f'versus depth information is gained at each
station, while with the Dé method, only a f’a value is

obtained at each station. Therefore, TDEM is a better

exploration tool.
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cC

&

Onr-kilometer scuire cells for which there were DC and TLEM
datn_available for averaging around the 1272 bipole source.

See Figure 20d for location.

00
1) |E) {7103
(20) (86) (10)
10 ‘
0 S13% I P
19 12 16
(>3)|(17) | (20)

19

(23)

10

' 17 7
(18) 1(22) | (5)

One-kilometer sounre celle for which there were DC and TDEM
datr. available far averaging around couree Lipole ? See
Fi~ure ?9a for location. I~ta from source 7 was included
(for ayeragins As well,
Figure 33a. Sketeh mans of averacines "cells", Plain num-

bers are DC averages; parenthetical numbers are TDEM averages.
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Figure 33b.

Average apparent resistivities from 1 km2 areas compared with
average maximum-voltage resistivities from the same areas.
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CONCLUSIONS

Interpretation Technigues

FPield data from a time-domain electromagnetic survey in
the East Rift Zone of Kilauea were interpreted using a layered-
earth model. PFirst, the maximum voltage of the transient
signal is multiplied by a geometric factor to give a value
for apparent resistivity. This calculation is simple and
can be quickly plotted and contoured in the field. Geologic
interpretetions may be gained from this preliminary tech-
nique. With computer assistance, a more =ophisticated
interpretation of the data is possible. After the step
response of the recording ecuipment is removed through
deconvolution, the data are compared with a set of asymptotic
three-layer curves. From a first estimate obtained from the
asymptotic match, theoretical three-layer curves are com-
puted in both frecuency and time domains for a more exact
matching. Both methods give comparable results. Finally,

a least-sauares~fit computer program is used to improve the
match. The anymptotic interpretation procedure works well

for conductive-basement curves but for resistive-basement
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curves, another first-estimate approach must he employed.
Silva (1969) has published a two-layer catalog and Daniels'
work (1974) contains a few sample two- and three-layer
curves. Both of these references may be employed to begin
the interpretation process. The least-sguares-fitting
technique should be considered a refinement procedure. If
the input parameters are within 20% of their true values,
the fitting program can reduce the RMS error to less than
one. However, if the initial estimate is not good, a false
match will result. Reasonable results require good judge-

ment; the interpretation should be geologically meaningful.

Geologic Interpretation

The electromagnetic data and the DC data were combined
for geologic interpretations (See Figure 34). It was
found that the resistivities calculated with both DC and EM
methods were generally the same. Moreover, the EM data
provided information on resistivity versus depth at each
station. This added dimension makes the electromagnetic
method a superior exploration tool.

A magnetic high and gravity high are characteristic of
dense near-surface material. The DC and EM data revealed
a resistivity high in the same region. All of these data
indicate a shallow dike complex along the surface expres-

gsion of the Fast Rift Zone.
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APPARENT RESISTIVITIES
10 DC DATA
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CRATER
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% /
/
10 20 OCEAN
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M™eure 34. Summary map of DC and TDEM data.
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Of gmeothermal interest was a low-resistivity zone
approximately two kilometers south of the rift which
appeared in both the DC and EM data. A cross section
shows this zone becoming more conductive at a depth of
about 700 m. The only way to completely evaluate the geo-

thermal potential of this zone would be to drill a test

hole.
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APPENDIX A

Three-~Layer Time-Domain Asymptotic Curves

Parameter ‘ H2/H1
1 .2
0.2
0.5
1.0
2.0
5.0

=N O W W N

10.0
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10

1 | |
\ 10 100 7

0.l

1 ——

\ \\\7
3 4 5 &

€a’p1
STEP RESPONSE  (R3/R1=0) (R2/R1=.02)
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QaR 2
STEP RESPEONSE

(R3/R1=0) {(R2/R1=.08)
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a0

STEP RESPUNSE  (R3/R1=0) (R2/R1=0.1)
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o] oy

QA/Q| | 2
STEP RESPENSE (R3/R1=0) (R2/R1=0.2)
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10 I~
10 100
] | i /f
0.1
3
\
YYY 2 4 5 6 -

STEP RESPONSE (R3/R1=0}' (R2/R1=2/3)
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10—

.
STEP RESPONSE (R3/R1=0) (R2/R1=1.5)
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10
10
100
\’"ﬁ_\l L7
.\\\\
Qa’e1 ' > ) ,

STEP RESF@NSE  (R3/R1=0) (R2/R1=2.0)
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0 [
| \ 1 L7
10 100
,
QA/QI | 2 ’ 4 - 6

STEP RESPONSE (R3/R1=0) (R2/R1=3.0)
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10 |

10.0

€a’e1 | 4
STEP RESPONSE (R3/R1=0) (R2/R1=5.0)
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Qa/ Q1 | 2
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5 7
Pasen ,
STEP RESPOUNSE (R3/Ri=0! (R2/R1=50.)
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APPENDIX B

Deconvolved Field Data
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APPENDIX C -

CATATOG OF INTERPRETATION COMPUTER PROGRAMS

This catalog contains six computer programs used for

time-domain electromagnetic data reduction and interpretation.

Preceding each FORTRAN IV program listing is a flow diagram

which summarizes the logic.

Program
SYSTEM. P4

STACK2.F4

TRANS, F4

TTRAN.F4

Purpose

This program reads in the digitized step-response
and prints out a Fourier transform of the response.
(Programmed by G. V. Keller).

This program: 1) reads in digitized signals and
stacks them when necessary,

2) reads in the output of SYSTEM.F4
and removes the step-response of the recording
system from the stacked signal through deconvol-
ution,

3) smooths the deconvolved signal,

and 4) converts the smoothed, decon-
volved voltages to apparent resistivities. (Pro-
grammed by G. V. Keller).

This program reads in frequencies and the real

part of the frequency function, and transforms

the function to the time domain using a polygonal-
approximation cosine transform method. For this
study, this program was used to convert theoretical
frequency-domain curves to the time domain for
curve mntching in the time domain.

This program reads in a time function and trans-
formg the function using a polygonal-approximation
transform method. The real part of the frequency
function is printed out. Por this study, this
program was used to convert the deconvolved field
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EMFWD. F4

EMINT. F4

107

curves to the frequency domain for curve matching
in the frequency domain and for use in the program
EMINT.F4.

This program reads in geometric parameters and a
layered earth model and calculates the real part
of the frequency function for line-loop coupling.
(Programmed by J. J. Daniels).

This program readcs in an observed frequency domain
curve (real part of line-loop coupling) and a lay-
ered earth model. Adjustments are made to the
model to find a good fit to the observed curve.
(Programmed by J. J. Daniels).
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FLOW _FOR SYSTEM.F4

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

2-- Read in digitized points from step response (Yk)
3—= Calculate a "frequency" =(T/NUM)*(i), i=1
4—-- Calculate real part of transform for that “"frequency"

NUM

ARy = > Yy ¥ Cp oy

k=1

g * — 3
where Cp .= Cp cos(w) Sk*81n0»)

C
S

cos (w)
sin(w)

il

1
1

5-= Calculate the imaginary part of the transform for that
"frequency"
NUM
AIi = E Yk’* S
k=1

‘ i »* *
where S, , = S, cos(w) + Cy sin (W)
6.~ Ccalculate amplitude and phase correction factors.

1
_ (AR7 + AT 197

Amplitude. =
k 2 2 1%
(ARS + AIS )-
i i
Phase; = T7/2 - Tan” 14
AR.
i

7-- Increase i by one and repeat steps 3 through 6 until
i=NUM, print out each amplitude and phase correction
factor.
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COMMENT SUBROUTINE SYSTEM.FA4
DIvENS{ON Z(13¢),Y(122),AR(1008),C(100) ,PHC(123),A1(1082),TITLILS)

30¢4 CONTINUE _
READ (1,77) NUM,DT
DO 2 T=1,NUM
> TREAD (1,1 Y(I)
FORMAT%F)
77 TORMAT(I,F)

WRITE(2,200) NUM
IPCY(L).LT.2,2) GO TO 1427
IF(NUM,LT.21) GO TC 130¢C
13278 CONTINUE
MENUM
DO 3728 J=1.M

—_

DWe3,1416#F L O0AT(J)/FLOAT(M)
CieCOS(DW)
S1sSIN(DwW)

S2=81

C2sC1

AR(J)3Y

AlcJ)sa?

DO 3407 K=1,M
AR(J)=AR(J)+Y(K)uC2
AL(JISAT(J)+Y(K)aS2
C3aC2#C1e52451
S3aS2eC14C2851

S2x83




30e7
3008

3209

16
1400

130
200
330
490
3001

T=-1700
C2wC3
AltJd)is=Al(J)
AMP.SQFT(AR(i)iAR(i)tAI(1)“AI(1)’
00 3729 I=1,M,2
AH:SURT(AQ(I)'AR(I)+AI(I)'AI(!))
PHaATAN2CAI(I)Y,AR(1))
C(I)lAMP/FLOAT(I)/AM
PHC(1)E1,5708=PH
COMTINUE
DO 16 I=z1,4
WRITE(2,3001) C(1),pkCt])
CONTINUE
COLTINUE

IF(YCL) . LTe3,0) “RITE(2,402)
FOQMATCISAS)
FORMAT(13)
FORMAT(20F4,0)
FORMAT(* «11')
FORMAT(2£12.5)
SToP

END

110
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FLOW FOR STACK2.F4

1--~ Read in # data points, type of measurement, digitizing
interval.

2-== Read in the output of SYSTEM.F4.

3-- Read in title and R, source length, current, and source/
receiver angle.

4——~ Read in a scaling factor.

5=—= Read in voltages for each transient and count the number
of transients.

6—- Average each time value for all the transients and cal-
culate a standard deviation.

7—- Test to sec if each valuz is within two standard deviations
of the average. Reject values which are not.

8—= Calculate early and late resistance (values not necessary
for this interpretation technique).

9=~ Print time, # of signals included in the final stack,
average, ctandard deviation, and late and early R.

10=--Calculate a geometric factor and store.

11—=Convert time signal to amnlitude and phase as deccribed
in SYSTEM.F4.

12--Remove the step response of the recording system by
multiplying the amplitude and amplitude correction
factors and by adding the phase and phase correction
raetors.

13=-~Reverse the transform procecs to give deconvolved vol-
tages and times.

14--Make time evenly spaced on a log plot.

15--Use Lagrangian interpolation to find voltages on the




T-1700 112

equally-spaced log plot.
16-~Replace v with log(v)and t with log(t).
17--Apply a three point ( %,1, %) weighted average for
initial smoothing.
18-— Do a seven-point average for each point to smooth the
data.
19—-=Convert log(t) back to t and log(v) back to v.

20--Multiply wolteges by & geometric factor (27R*Y/3AILcos &)
to give apparent resistivities.

21-=Also calculate /olate’ A depth, and A conductance which
are not used here.

22--Print time, /oa, folate’ 4 depth, and Aconductance.
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COMMENT FILE K7,F4 IS INTEADED FOR STACKING OF EM TRANSIENTS

COMMENT 1DEXY 1S "IEGATIVE FOR WIRE TO WIRE COUPLING
COMMENT 1YDEXY 1S ZERD FOR WIRt TO LOOP COUPLING
COMMENT 1"{CEXY 1S POSITIVE FOR LOOP TO LOOP COUPLING
COMMENT FORZ1.0AT 1S THE FILE FOR INPUT DATA

COMMENT FORy2,0AT 1S THE FILE FOR INPUT DATA

COMMENT FORZ3,DAT 1S THE FILE WITH SYSTEM RESPONSE
COMMENT FOR2TZL,NAT 1S THE FILE FOR PLCTTER QUTPUT

COMMENT PROGHAI K7 CALLS K1283 AND K1@@5 AS SUBPROGRAMS

645
606
121¢
9999
17ee

12¢1

1225
971
972
973
974
975

1239

1206

DIMENSTON XX(2@8)X(2¢,1080)1A5(16),0N(100),AV2(120),5(122),

1A3(g) s AV (122) ) RLATE(1A8) ,REARLY(1£2),Y2(10¢),C(120)
2,PHE(1.22)

IBE 31

[427

[28?2

1323

READ (14,1719) NPNT,INOEXL1.DT
DO 425 181,NPNT

READ (13,626) C(1),PRCEID)
FORMAT(2E12.5)
FORMAT(13,12,F12.2)

READ (11.1200) (As(I),121,16)
FORMATI(16A5)

WRITE (12,1004) (AS(1),1=1.18)
FORMAT(1M1,2X, 'ELECTROHAGNETIC INTERPRETATION!

2EDITED STACKI™NG, ORSERVED VOLTAGES',//.,2X,1045)

READ(I1,12,5)R,A1,A2,0UR, THETA,BETA, (A3(11),11=1,6)
FORMAT(6F,6A5)

WRITE(I2,971) R

FORMAT(1X,'OFFSET NISTANCE IS ',F6,8,' METERS')
WRITE(12,972) A1

FORMAT(1X, 'LOOP ARFA IS ',F&.4,"' SQUARE KILOMETERS!')
WRITE (12,573) A2

FORMAT(1X, 'SOURCE LENGTH IS ',F5,2,"' METERS!')
WRITE (12,974) CUR

FOIMAT(41X, 'CURRENT IS ',F5.1,' AMPERES')

WRITE (12,975%) THETA

FORMAT (41X, 'DEFLECTION ANGLE IS '+F4.1,'"DEGREES")
READ(II.iﬂv-‘)) ()(X(I).In1,3)

FORMAT(2F4,3,F5,0)

SCALESXX(3) /(XX (2)=XX (1))

WRITE (12,1306) SCALE

FORMAT(2X, 'DIGITIZING SCALE IS '»F7.3,'"MIcROVOLTS/DIY")
NCaSE=1

SCaLE=ABS(SCALE)

NPrLTa 2

COxTINUE

READ(I1,10¢2) (XX(1),131,22)

IFAXX(1)+1204) 7,8,9

00 1 l=z1,22

NP TanPNT+1

X(~CASE, PrT)eXX (1)

GO YO 3

CO* TINUE

NCASE="CASE+1

GO T™h 2

COVTINLE

IFe] DEX1)2¢:21,21

NgzNPANT =1

DO 22 [ad,NPNT
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DO 22 u=z1,\NCASE
22 X(J,1)=(Xx(4,1)=X(J,1))aSCALE®, U30QO]
DO 24 1=1, ICASE
IF(X(143)) 25,24,24
2 DO 27 J=1,WPNT
27 X(1,Jd)meX(1,J)
24 COMTINLE
GO T 34
21 CO TINUE
1202 FOAMAT(27F4.8)
00 32 1=2,:PNT
DO 3a J:lthASE
3o X(J,1)=eX(d,1)=X(J,1)
D0 I3 1=32,NPNT
Do 33 J=1:NCASE .
I3 X(J,1)aX(J,1)®SCALES. 20800021
DO 34 1=1,nCASE
IF(X(1,3))35,36,36
35 D0 37 J=2,%“pPNT
37 X(1,)3=X(1,J)
36 CONTINUE
34 CONTINVE
EFLOAT(NCASE)
DO 310 JPNT=2,NPNT
AV(JPNT)s?
D0 349 JCasEmL,NCASE
309 AV(JPNT)=AV(JPNT)+X(.CASE,JPNT)
310 AV(JPNT)IBAV(JPNT)/Z
DO 312 JPMT=z2,nNPNT
S(yPnT)=p
D0 311 JCAGES1,NCASE
311 SCUPNTI2S(UPNT)I« (X(JCASE JPNT)-AVJPNT) ) uu2
3142 S(UP T)I=SIRT(S(UPNT)I/2)
WRITE(12,1237)
DO 315 JPUT=2,NPNT
N{JRpNT ) =y
AVR2 {JPNT Y=
TesST1a2,#5(JPNT)
DO 322 JCASE=31,NCASE
TEST2=ABRS (X (JOASE, JPAT)=AVIJPNT))
17227 FORMAT(//2X%, "ENITED AND STACKED DATA'//,
25X, 'TIME", 3X, '"MUMBFR',4X, "AVERAGE',6X,'ST, DEV.',
3 5x,'EARLY R',4X,'LATE R")
IF(TEST2rTEST1)321,321,322
329 AV2(UPMT)Y=AV2(JPNT)Y+X(JCASE, JPHT)
NCJPRT Y e (URPNT)+1
322 CO-TINUE
315 AVZ(JPNT Iz AV2(JUPNT)/FLOATIN(JIPNT))
CALL Kip-1(R,+A1,A2,CLR,THETA,RETA, INDEX1,FACTOR,SCALE
2, XPNTL,XPT2)
DO 333 JPHT=2,\pPNT
R37% FOSMAT(4L2X, "IMDEXLI=",1./7)
IF(1DEXL) 601,622,6c2
601 OCLEVRIAVD(NPMT-4)+AV2(NPNT=-3)eAV2(NPNT~2))/3,
KREARLY(JPuT)S FACTORa(AV2(JPNT)-DCLEV)
RLATE(JPYTYa SCALEZ(C(AVR2({JPHNT)~DCLEV)*FLOAT(JPNT~1)
1#D0TYeeXpPiT1)
GO TO AR3
622 CO TINJE
REARLY(UPNT)SFACTOR®AV2(JPHT)

114




623
334

335
333

120R8
l1o1
701

724
702

432

433
414
401

521

592

121%

COMME
C
c

Cosos

1z
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RLATE (JPMT)y=SCALE/(AV2(JPNT)e(FLOAT(JUPNT=1)aDT)ueXPNTL1)
CONTINUE

IF(RLATECJPNT) ) 334,334,335
RLATE(JR:T) =0

GO 7O 333
RLATE(JPHT)I=RLATE(UPNT ) eaXPT2

COr 71 vUE

O 1Y JRNT=2,NPAT

TIMEaFLOAT(JPIT-1)anT

WRITE(I2,1:38) TIMENCIPMT) ,AV2(JPNT),S(UPNT) ,REARLY
2CJPNT) ,RLATEC(JPNT)
FOQNAT(SXDF4'2)AX!I?l4(4XlL1@o$))
COxTINUE

CALL X1@73(AV2,NPNT,Y2,C.PHZ)
IFC(1WNEXY) 701,782,742

DO 744 J22,NPNT

DCOLEVE (Y2 (NPNT=-4)«YZ (HpNT=3)+Y2(NpHT=-2))/3,
Y2(J)=Y2(.)~DCOLEV

CONTY I NUE

DO 441 132,NPNT

TIMESFLOAT(I=1)aDT

RiaFACTOR®aY2(])

R2aSCALE/(Y2(1)aT1 igaeXPNTL)
IF(R2)4032,032,473

R2=zp

GO T 494

R2aR2eeXPTy

CONTLIAVE

COTINUg

WRITE(12,1515) (AS(1),1=1,10)

D9 841 JPiT=3¢,NPNT

Y2(JPANT)mAv2 (JPNT)

H3agMPT1

N0 s542 JRP4T=21,13

Y2(JPNT)ISYR(JPNT+1)

FORMAY (/27777 ,2%,1:2A%)

CAlLL X1225(Y2,4PNT,DT,FACTIR,SCALE,2.5,.667,A3)

G T3 9999

STLP

EN‘J
NT PRIGYAY TO GNERATE GEOMETRIZ FACTORS

6“‘:&G%iﬂ}&ﬁ#&“ﬂﬂﬁ-ﬁ}&ﬁﬂ6‘0&‘“##&&60&&%&Gﬂ-*o#ﬂﬁ##ﬁ#ﬁi
SULRODYTINE K1PB1(R,A1,A2,CUR, THETA,BETA, 1MDEXL,FACTOR
2:SCALEXPHTL,XPT2)

IF(INDEX1Y18.22,30

XPNTi21,5

XPY2a32,2

X=47,

SCalLE=Xawl, 5¢1 E-124C ReAL®AR/12,
FACTIRR(6.28324Rea32C0O0S(BETA/S7.3))/((3.aSIN(THETA/S57,3)08?
2-2,)4CUR®A1®A2)

GO 1" 108¢

XPrniT1s2.,5

Alapalelguaz2ae,

XPT23,667

FArTOReE,2R32eRnnd/ (A1wA28CURRCOS(THETA/54,))/3,
SCALFK=A1#A2#CURS ,,B792E~17
2%R
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GO TH 1gv
32 XPrT1=2.,5
Al=Ale10007230,
A2apa2elipgn i@,
XPT2z ,667
SC/LE=CUR®AL#A2#15 ,9E~18
FACT(ReA,23328Re#5eCCS(BETA/S54,)/9,/CUR/AL/A2
1ap COMTINUE
RETURN
END
COMMENT SUBROUTINE DECON2
C 15 TWE AMPLITUDE CORRECTION FACTOR
PrC IS THE PHASE COKRECTION FACTOR
X 15 THE STEP RESPONSE FUNCTION
NPNT IS THE NUMBER CF PQINTS
T Iy 'Y Y A TSR Z AR RSS2SR R RS S22 X 2 )
SUBRUUTINE K103 (X,APNT,Y2,C,PHC)
DIMENSION ¢(103),PHC(128),X(120),A(170),B(128),
2PHX (10v) v (10F),¥2(1¢8)
X(1)=7,
NUIMBERENPMT
DO 7 J=1,MUMBER
Wz3,14160FL0AT(J)/FLCAY(NUMBER)
CiaCOS (W)
S1eSIN{IW)
C2aC1
S2aS1
Al Jred
B(Jy)=3a
DO & £=33,"UMBER
ALUYEALJ)+X(K)NC?
B(J)=RB{J)+X(K)aS2
CIaCc2eC1=528S5Y
SImClas1+S2aCY
C2=C3
S2a83
6 COnNTINVUE
BlJ)a«RB(J)
PHY(J)=ATAL2(BCJ),A(L))
VI)aSORT (Al ea( Y+ (D) eR))
7 COXTINVE
DO 8 l=z1."UMBER,?
A RENAGREIAS B
PHX(1)ZPAX(I)ePHC(])
ACT)eY()®COSIPHX(1))
& BOI)=v])#SIN(PRX(]))
M2z NIIMBER=1
DO 37112 1=2,M2,2
12al=1
[32]+1
ACTY=(A(I2)+AL13)) /2,
3217 BOIY=(R(I2)+B(I3)) /2,
00 14 Js1,wUMBER
W= ,14168FLOAT(JU)/FLCAT(NUMBER)
CisCOS(w)
S12SIv(k)
C2=C1
S2=2§1
Y2(J4)3?
DO 9 X=1, 1UMBER

OO0 0
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Y2¢J)aY2(J)+B(K)aS?
C3ec2e;1+52#5]
S3IzC2nS14S2#CY
C2aC3
S2=83
9 CONTINUE

Y2(J)aY2(J)/FLOAT(UNBER)®2,

1p COMTINUE

117

RETURN
COMMENT SUHROUTIIE TO COUVERT A TRANSIENT TO THWE LOG DOMAIN
c AuD SMODTH,

ENT

V IS THE TRANSIENT
NPNT IS THE NUMBER CF POIKNTS IN THE TRANSIENT AT FIRST
DELTAT IS THE DIGITIZING INTERVAL IN SECONDS
FACTOR 1S THE EARLY TIME GEOMETRIC FACTOR
SCcALE 1S THE LATE TIME GEOMETRIC FACTOR
xPuWTy 1S THE EXPONENY ON TIME FOR LATE RESISTIVITY
XPT2 IS THE ROOT FCR LATE RESISTIVITY
WIRE/LDOP XPNT1=2.5, XPT2=,6667, CALL K1@@6
WIRE/WIRE XPNT1=1.,5, XPT2=z,6667, CALL Ki(@7y
LOORP/LNOP
u&#b-ﬁ#wg.aﬁb.&&»niaaa&&#*ﬂli#“ﬂ“&ﬂ#“i.##&ﬂﬁ##aQ#QQQ&.QQ&QG.
SURROYTINE K1P25(y,NFNT,DELTAT,FACTOR,SCALE,XPNT1,XPT2,A5)
DIMENSION V(122),7(122),X(422),Y1(100),A%5(1p)
1,AHCU(18)
1 ,SINT(102) ,DELTACL2)
12282
14427
NUMBER=NPNT -1
DO 4 I=q1,'IPNT
1 TOI1YSFLOAT(I)®DELTAT
SHIFT=22
VMAXBY (1)
VMINBVMAX
DO 713 1m2,NUMBER
IFIV I )mVMINYTZ2,7002.,721
721 VMaXxsV(])
Y32 IF(VEI) =V INITE3,718.718
703 VMIN=V(])
710 COnTINUE
SHIFTa?
IF(VHINY 711.713,713
711 SHIFT3,J18(VMAX~VMIN)=-VMIN
DO 712 1=1,NUMBER
742 VI1)aV(])«SHIFY
713 CO~TINUE
DTsALOG(T(NUMBER) /T(NUMBER=1))
RAMGE=ALOG(T(NUMBERY/T(L))
NEED sAlWT(RANGE/DT)
00 11 Is1,NUMBER
TCI)=ALOG(T(LY)
11 V(1)=ALOG(V(I))
DO 21 I.lp'\'EED
XI1&sFLOATI(T)
TIME=X]#0TT(1)~-DT#,99
J=1
12 IF¢TIME-T(U))14,14,13
13 J=Jel
IF(J=NUMBRFR)12,14,14

aOOoOaOoO0Oaaafn
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14 J=jel
IF(J=2)15,15,16
1% X(1)=2
DO 151 Ki=1,3
TERM=V (K1)
DO 153 K2=1,3
IF(Ki~Kk2) 154,153,154
154 TERMESTERM# (TIME-T(K2))/(T(K1)=-T(K2))
153 CONTINUE
151 X(1)aX(l)+TERM
GO Y0 21
16 IF(J=VUMBER+2) 18,17.17
17 X(1)=2
NieNUMBER=-2
DO 171 K1i=nN1,NUMBER
TERMaV(KL)
DO 173 K2=N1i,NUMRER
IF(K1=K2) 174,173,174
174 TERMeTERMO(TIME-T(K2))/Z(T(K1)~-T(K2))
173 CONTINUE
171 X(1)sX(1)+TERM
GO 710 24
18 X(1)=2
NisJ~1
N2sJ+1l
DO 181 Ki1=41,%2
TERM3V (K1)
DO 183 K2=N1.M2
[F(K1~K2)184,4183,184
184 TERMsTERM#(TIME~T(K2))/2(T(K1)-T(K2))
183 CONTYINUE
181 X(1)sX(1)eTERM
24 CONTINUE
N3IsNEED~4
12m1
DO 6655 [=4,N3,4
N4zIm3
NGel+3
Yi(12)2p
DO 7655 13=01l4,N5
7655 Y1(12)aY1(12)eX(13)
Yit12)=¥1(12)/7.,
6655 12a3]12+1
STwT(i)=1./7Y1(1)
DO 6456 1=2,12
DELTA(I)®B(2.®EXP(FLOAT(421+1)aDT+T(1)))/,1256E-29/Y1¢])
DELTA(C])aSGRT(ABS(DELTACLI) )Y 2148,
SINT(I)a(DELTACI) /YL (I)=DELTACI-1)/YLCI-1))/7(DELTACII~DELTACI~L)?
6686 CONTINUE
INDEXi1e~1
INCEX=1
NCXa3
NCYsl
023,33
XZERO=,21
YZERO=,1
IFLAGsY
WRITE(122,1322)
1220 FOMMAT(1M1,2X, 'ELECTHOMAGNETIC INTERPRETATIONG
2NONmlL INEAR FILTERINGY/Z)




910
4444

998
7

911
912
913
997

909
9¢8

321

3@2
343

7656
7657

T=1700
WRITE(122,4444)
WRITE (144,998)NCX,NCY,D»XZ2ERND,YZERD
LASTPLat
IGRIN=y
IPrS=1
INEG=2
WRITFE(144,910)LASTPL,IGRID,IPOS, INEG
FORMAT(412)

FORMAT(3X, ' TIME EARLY LATE DELTA DELTA',/
211X, 'RgSIS., RES!S. DEPTH CONDUGTANCE'»//)
FORMAT(21102,3F10,0)

FOrMAT(2612.5)

DO 911 18=21,16

ABCD(18)32

WRITE(144,612) (ABCD(I18),18=1,16)
FORMAT(16A5)

WRITE(144,512) (As(1),1=31,16)

WRITE (144,913) 12

FORMAT(I3)

FORMAT(5A5,118)

FORMAT(EL2.5)

FORMAT(14)
TIMESEXP(FLOAT(48]41)eDT+T(1))
VOLT=EXP(Y1(I))-SHIFT
RATIO=FACTOR®VOLT
IF(VOLT)321,3022,322

VOLTa=vOLT

RHOz (SOALE/Z(VOLTeTIMESSXPNT1))aeXPT2
RHNg~RHQ

GO TO 323

RHN=z (SCALE/(VOLT®TIME##XPNT1) )weXPT2
CO~TINUE

WRITE (144,7) TIME,RATIOQ

WRITE (122,7657) TIME,RATIO,RHO,DELTACI),SINT(I)
FORMAT(BX,F6.3,2(5X,F6,2):2(3X,EL0,3))
RETIJRN

END
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FLOW TOR TRANS.PF4

Read in resistivities and thicknesses for three layer-.

Read in I number of freaquencies (W) and corresponding
real part (XX) of the freguency function.

Calculate the zero-time value:
I-1

Foero™ zz: /10 (xxh+1"XXn>(wn+1_wn)

n=1

Calculate the time-curve from time, t, = 0.0001 to time,
ty = 1000.

T-1 XX .=-XX.
5 J J+1
FJ- = E 2/(@1t) (Costt - CosWJ 11;)
=1 Wipr V5

Calculate the step response by replacing XX. with -XX /W.
and repeat steps 3 and 4. J J

Print out time and corresponding transform function and
step-response function.
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RS SRR EEE R RN gt ety '.x'..':.', HE S-S I ...3....!03.!3
THIS PROGRAM CALCULATES THE COSINE TRANSFORM OF THE
OF ANY FUNCTION, A POLYGONAL~-APPRIXIMATION TRANSFORM
METHOD 1S USED. THE STEP RESPONSE IS ALSO CALCULATED,
IEELLE
INPUT FILE e~ FOR21,DAT QUTPUT FILE -- FORp2.DAT
TR R R R R R R R R R E R R R R R R R R R R R R R R R R R R R R R R A R R R B
DIMENSION R(25),0(25),XX(220),YY(200),W(208),F(2008),8(200)
READ(1,121)R(1),D(1).R(2),0(2),R(3)
122 FORMAT(3(IX,EL0.3))
101 FORMATISF)
P1=3,1415926
WRITE(2,71)
N=z3
WRITE(2,1223) (R(I1).,0(1),181,N)
1223 FORMAT(20%,"' RESISTIVITY=',E1¢.,2,5X,'THICKNESS=s',E108.3)
1=1
27 READ(12422) WD), Xx(1),YY (D)
IF(W(I1).67,20,2) GO 10 38
I=1e1
GO YO 37
71 FORMAT(' TIME-DOMAIN CURVE FROM COSINE TRANSFORM OF HW(J)',S%X,
1'STEP RESPONSE OF THE TIME CURVE')
38 WRITE(2,72)
72 FORMAT(6X, "TIME Y, 8X, 'AMPLITUDE ', 30X, 'TIME',8X, 'AMPLITUDRE")
T=a, 2
FZERO=#, 7
C CALCULATE THE ZERO-TIME VALUE
DO 4 viml, -1

—3
AN ]
—

‘ -~
XY oo
—. -

REAL P

aaogooaoaaf

4 FZERD & FZERO «((1.2/P1)a(XX(N*1)~XX(N))a(W(N+1)~-W(N)))
7 FORMAT(2E15,7,22X,2E45,7)
C CALCULATE THE TIME-DOMAI!N CURVE
T=|@‘3Zl
DO 6 Ke=1,1097
F(KY=2.8
D0 5 J=1,1-1
5 FU)BF(K)*(2.2/(PlaTaa2))el(XX(J)=-XX(J+1))/(W(J+1)=K(J)))*
1(COS(ACIBT)I=COSIW(J¥L)®T))
T=T82,7
IF(T.GT,1203,) GO TO 14¢
& CONTINUE

C CALCULATE THE STEP RESPCNSE
129 D0 18 JJ=1,1!
18 XX(JuyeXX(JJd)/Z(-1.28n(JJ))
..".,«’l
SZERQOs 4, ¢
00 14 Nat,1-1
14 SZEROSSEERC+( (1. 0/P 1) o (XX (N+1)=XX(N))® (W (Ne1)=W(N)))
WRITE(2,7)T,FZERC, T, S2ERD
T=,27241
00 16 Kei,1027
S(K)=D.ﬂ
DO 15 J'l:l'i
15 S()ES(K)I*(2.8/(P1aTaa2) )8 ( (XX (J)=XX(J+1))/(W(J+1)=W(J)))®
1(COSEAN(Y)aT)=COS(W(Jel)oT))
WRITE(2,7) THF(K),T,S(K)

T=Taz2,?

IF(T.GT,1243,) GN TO 1406
16 CONTINUE
122 STOP

END
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FLOW FOR ITRAN.F4

1-—~ Read in resistivities and thicknesses for three layers.

2-- Read in I number of times (T) and corresponding values
(X) of the time function.

3 == Calculate the real part of the frequency function from
frequency, W, = 0.001 to W = 1000.
T+1 Xey = XXy _
Sk = E 1/w (SlnTjW - SlnTj+1W)
/1 - T.
k=1 j+1 J

4-- Print out freguency and corresponding rvreal part of the
frequency function.

'
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$ETLSEITERELY
THIS PROGRAM CALCULATES THE FOURIER TRANSFORM OF A TIME~-DOMAIN
FUNCT1O ! USING A POLYGONAL APPROXIMATION TRANSFORM METHOO,
THE OUTPUT IS THE REAL PART OF THE FREQUENCY FUNCTION,
EEREEEERE BN
DIMENSION R(258),D(28),XX(299),7(299),5(299),55(299)
READ(L,1721)R(1),D(1)R(2)2D(2),R(3)
122 FORMAT(2F)
101 FORMAT(BF)
P1a3,14415926
WRITE(2,71)
N=3
WRITE(2,1233) (R(I1),C(1),181,N)
10723 FORMAT(' RESISTIVITYa',E12.2.,5X,'THICKNESS=',E12,3)
I=14 ;
37 READ(L,1@2) T(1),XX(1)
IF(T(1),.67,12.2) 60 TO 38
[=]e1
GN TJ 37
74 FORMAT (! FREQUENCY~DCMAIN CURVE FROM SINE TRANSFORM OF H')
38 WRITE(2,72)
72 FORMAT(3X, 'FREQUENGY ', 8X, 'AMPLITUDE")
7 FORMAT(2E15,7)
W= ,pm1
D0 14 K=1,1000
S(wymd,p
DO 15 J=1,]1-1
15 S(U)ES(KY*((XX(J)=XX(J#1))/(T(Jd*1)=T(J)))e
LISINIT(UI#W) =SIN(T(Jal)®UW))
SS(K)aS(K)/w
WRITE (2,7) W,SS5(K)
Wowe2,8
IF(W.GT.12234) GO TO 10800
16 CORTINUE
128 STopP
ENM

OO aOn
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FLOW FOR EMFWD,F4

NOTE: For detailed derivation of the equation and program
see Daniels (1974).

1=- Read in angle, R, numberof layers, number of frequencies.
2-- Head in thicknesses and resistivities for each layer.

3== Read in current and source length.

4-— Read in each frequency to be calculated.

5=- Calculate the line-loop coupling using linear filter theory:

m
: -X

q _ I ds sin & e . ZH(b )d, -
Z 52 X’k

2TV k=1

: 2 .
j I ds é “sine _ .
. (3=(343(143)B + 2j82) o~ (1+1)B

4AT{r4
I —-—= current ‘A —= dummy variable of 1ntegration
ds =-- source length B - r/8
© -- source/receiver angle J1 -~ Bessel function of the 1st%t

order
X -- 1n B b, == ~(x=yy)
2

6 s 2 f—l//*w g == Ag
&y - sine (x)*e* J1(x) y == 1n(1/g)

i
i - (=1)" P1 —— 1st layer resistivity
r —— source-receiver separation f&—— 411*10_7

W —-— freauency

€~-- Print out frequency and corresponding Hy,
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Cuvaapttonasdnavosnds PROGRAM EMFLEDN 240080t etttasnsestsdusatss

o

G TH1S PROGRAM CALCULATES THF VERTICAL H FIELD, THE X-COMPONENT

C OF THFf ELECTRIC FIELD, THE Y~-COMPONENT OF THE ELECTRIc FIELD,

C AND THE COMBIYED HORIZOANTAL ELECTRIC FIELD COMPONENTS (EC=x

C SIN(2#ANGIEX~COS(2#ANGYEY) FOR A 1,2,0R 3 LAYERED EARTH, THE SCURCE
¢ 1S A KORIZONTAL CURRENT DIPOLE :

b

FIELDS FOR A HOMOGENCUS HALF~-SPACE (1 LAYER) MaAY BE COMPyTED
BY USING A TWO LAYER MOCEL WITH RHO(2)=RHO(1), MODELS
FOR MNRE THAN THREE LAYERS MAY BE COMPUTED SIMPLY BY INCREASING
THE DIMENSIONS OF THE ARRAYS,

PROGRAM EMFWD WAS DEVELOPED ON A DEC PDP-1g COMPUTER AT THE
COLORADO SCHOOL OF MIMES, FORTRAN PROGRAMING LANGUAGE IS USED
THROUGHOQUT

JEFF DANIELS
COLORACO SCHOOL QF MINES
FERRUARY 1974

soopaorenpavaonantocnsnnr VARJABLES vovssosnsspsvncnnesn

NFws THE VUMBER OF FREQUENEIES TO BE CALCULATED

Rz SOURCE-RECEIVER SEPER4ATION

ANGSANGLE, IN DEGREES, OEFINING SOURCE-RECEIVER ORIENTATION
FFeFRENYENCY IN HERTZ

F=ANGULAR FREQUENCY

Nz THE NUMBER OF LAYERS

MP(I)= LAYER THICKNESS

RH(I)= LAYER RESISTIVITY

CH(1)= COEFFICIENTS FOR CALCULATING THE Ji HANKEL TRANSFORM
YH(I)= ARSCISSA VALUES FCR cH(D)

CE¢1)= CNEFFICIENTS FOR CALCULATING THE J@ HANKEL TRANSFORM
YE(])= ABSSCISSA VALUES FOR CALCULATING CE(1)

Cl s SOURCE~DIPOLE CURREANTY

0Sa SOURCE=DIPNLE LENGTH

D = NORMATIZED THICKNESSES

RKz NORMALIZED RESISTIVITIES
> DEL= MODIFIED WAVE NUMBREFR

IIn= INPUT AREA
10UT= QUTPUT AREA

c
C
C

c
C
C
c
c
G
¢
c
c
c
c
c
c
C
c
c
C
c
C
c
C
C
c
c
"
C
C
C
c
C
c
c
C
c

PR Y r R graararg e g yryyweerergrryr 2 Y ETET-FY T 22X FYRPER Y TR F Y R X XX ¥ %
COMPLEX H,E,EX,EY
DIMENSION HPP(3),HP(3)
COmMON /GC/0(3),RK(3),RH(3),N,DEL.R
CO¥MON /CV/C1,D8, ANG,F, X YH(48),CH(48),YE(61),CE(61)»TM
DATA
&YH/=4,5307316E P,~-4.27204731E 7,~4,.0702146F ,-3.8399561EF @,
& -3'@@969765 @n~3.3794391E 61‘3.14918Q6E ﬂn'2|9189221£ 2,
& «2,6886636FE §,~2.4584051F 2,-2.22514664F #,-1.9978881F 82,
.3 »1,7676296F @,~1.5373711E 2,-1.3C71126E @,~1.0768%41€ 2,
8
&

c
c
c
c

;B.46595635”1;-6.16337135"10"3.86@78635"1:"1c5582ﬁ13£m1,
7.4438369E~2, 3.046968B7E-1, 5.3495537E~1, 7.6521387E~1,




14

15
16

Qo v o Qo Co Co
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9.9547237E"1n
1,9165264L 0,
2.8375424E 0.
3,7585744E @,
4,6796784E 2,
5,68086424E 2,

DATA

&CH/3.1$1@561E-6,

Oo Co Qo 0o Do o Qo 0o 0o £o Co Qo Do Colo Oe 0o Qo e OCo Qo Qo Co o Po O Do

1.,5523239E-4,
7.7342377E-4,
3.9247683E=3,
2.1938415E~-2,
1.1775455E’10
2:.80789285E~1,

“3.6@77766E"2:

A
Ay
7
@
2
A

1.2287309E
2.1467649E
3.2677989%E
3.,988832%¢E
4.9098669E
3.8329009¢€

1.8872098E~5,
3.0344652E-5,
5,3570857tL -4,
4,5/96508E-3,
3,.1853660E~2,
1.,6353574E~1,

1.4559894¢E
2.3778234E
3.2988574¢E
4,2190914F
5.1401254E
6.0611594E

A
&3
2,
2.,
3
B

5.48195%40€~5,
3,5338744E~4,
1,7172605E~3,
9:21114685'30
5.1973594E-2,
2:.3127545€~1,

1.6862479E
2.607281%¢
3.5283159¢E
4,4493499E
5.3703839E
6+2914179¢E

9.28916B2E-6+
1.4798002E-4,
1.6387239%E~-3,
1.2130467E~2,
7.4661566E~2,
2.7368461E-1

1.28758408E~1,-1.,5382437€-1,~4,5659951€~1,
4,2985663L-1,-2,1506075E~1,-2.3624312E2,
4,8572965€~2,~3.8088872€E~2,

8-93167466‘2o‘7.43442@35'21
1.8846544E'2:"1-21566875”2o 80z7@8759E“3»“5.47@6275E"3!
3.7554674E~3,-2,5529707E-3,

8.,4095286E-4, -

DATA
YE/~6,8348046E

«%5,9137786F
-4,9927366E
“4,0717726E
~3,1506686E
-2.2296346E
w1,3084736E
~3,8756658E~1,
5,6346742['1’
1.,4%545714E 2,
2.3755354¢F ¢,
31,2965%694F ¢,
4,2176L34E o,
5.1386374F 2,
6,0596714E 2,
A 9827254E @/

DATA

&CE/7,326¢937E~-4,

Do Do Oo Co Co Qo Do Qo Qo Lo Do Oo 0o 0o Do

3.35918326E-4,
1.2841617E-3,
3:6321245E’30
9.5527?62E“3'
2.4396626E~2,
6.38268@65’2'
1-3868663E“10
1-5556741E'10

506749747E’40

-1.9732828E-1,
7.6372592E-1,
1.6847899%F @,
2.6038793%€ 7,
3.5268279F 2,
4,4478619C 2,
5,3688959F 7,
6,2R9929%9F 2,

5,6326423E-4,
1.,2500608E-3,
2.2497985L-3,
5.2376028E-3,
1.2788615E-~2,
301333652E"21
7,6314344E-2,

1,7989426(~3,~1.2320277E-3
3,77184P5E£~4,-1.5891835E~4/

B,mh .6045461F 7,-6.3742876F 0,~5.1440291E
@0’5-6835121E @0'5'4532536E 61'5022299515
Bo=4.7626478BLF 2,-4.5322196E #,-~4.3019641E
Ps=3.8414444E 7,-3.6111886F 2,~3.3809271¢E
Z,—2.92ﬁ4161E ﬂ,—2.o9ﬁ1516£ ﬁi'204598931[
Br=1.9993761F 3,-1.7691176F ,~1.5388591E
Qy=1.2783424EC 7, ~8,4808358F~4,~6.1782808E~=1,

7.2958416E-2,
9,9398442E~1,
1.9152184F 2,
2.8360524E 0,
3I,7570864E ¢,
4,6784284F ¢,
5.5991544F 2,
6.5211884EF 7,

1:3727237€E-4,
7.1530982E~-4,
211936186E€-3,
5'9212519[”3)
1.5305589€-2,
3.8683065¢-2,
9,3928346E~2,

3.7320892E~-1,
1,2242429E
2.1452769¢E
J.2663109E
3.,9873449E
4,9083789E
5,8294129E
6.7504469€

7.5331222E-4,
1.51600@72E~3,
3.407678B2E-3
8.1315877€E~3,
1.9%410B6E~-2,
4,9127993E-2
1.4545027E-1,

1.6248847E-1, 1.8114332E~1, 1.8424433¢~1,
6.8592481E-2,-8,8339029£~2,-2.8819226E~1
-3.,5565260E-1,-5,6288677E-2, 4,81B6942E~1,-5,1516453E~2,
~2,6102949E=1, 2.1416490E-1,-9,4490687E~2, 2.6196370E~-2,
’5!1697828E"41'6;52329485"31
5.,8M44372E~3,-4,9354894E-3,
3.2266262E”3:’2.86491375"30
2,1115147E-3,-1.9334662E-3,
1.3468317E~3/

7!5193619E'30”
4,2323106E-3,~
2:567768RE~3, ~
1.7803248E~3, -

6.7854344E~3,
3.6733648E-3,
2.32%2655E”30
1.6465436£-3,

FORMAT (41X, 121X, "LAYL RS, 2X, 'SUURCE CURRENT=",

&F8,3,2X, 'SOURCE LEMGTH®',FB.,2,/,'ANGLE=",F8,2,2X,
&'SCURCE-RECEIVER SEPERATION=',£12.4,/)
FORMAT(IX, "LAYER',3X, 'RESISTIVITY',3X, 'THICKNESS')
FORMAT(1X,15,4X,E11.9,3X,E13.4)
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FORMAT(//,3X, "FREQUENCY "', 4X, "H(REAL) ', 6X, "H(IMAG)',6X, "EC

&(RFAL)',5X, "ECCIMAG) ' »/, 3% "FREQUENCY ", 4X, '"EX(REAL) ',
85X, TEX(IMAG) ' ,5X, 'EY(REAL) ", 55X, "EYC(IMAG) Y,/ /)
FORMAT(5(1X,E12.6))
FORMAT(1F)
FORMAT(2F,21)
FOnMAT(2F)
FORMAT (2F)
113
IDUT=8
READ(TINSL) ANG,R,HN,NFH
U0 11 LTei,N
READ(TIING28) HP(LT),RH(LT)
READ(IIN,3) CI,DS
NRITE(IOUT.14) NOCIDCSOANGOR
WRITEL(LIOUT,15)
WRITE(IOUT,16) (LT,RR(LT) HP(LT)»LT=1,N)
NRa2&N
TM242,566371E~7 N
ANG=(3,1415927/1808, YaANG
D0 2 JJsi,n
RK(JJ)ERH(1)/RH({JJ)
KRITECIOUT,12)
DO 22 l=1,NFW
READ(IIN,S) FF
Fz26,28318530FF
DEIL &8SQRT(2,#RK(1)/(TVNaF))
DO 6 Ju=1.,x
D(uJ)s2,#HP(JJY/DEL
XzpalLOG(R/DEL)
CALL FVI(E,H,EX,EY)
WRITECIOUT,12) FF,H

CO~TINUE

END
SUBRDUTINE FV(EC,H,EX,EY)

THIS SUBROUTINE CALCULATES THE CONVOLUTION SUMS FOR EX,
Ey, EC, AND HWF ELECYROMAGNETIC FIELD COMPONENTS

SUM= QNVILUTION SUM FOR HZ

SUEY1,SUEYD, SUEX1, SJUEX0 AS ODEFINED ON PAGE 19 OF THESIS

SUEY1s COMVOLUTION SuU4 FOR EY1
SUEYOs COUVOLUTION SuM FOR EX1
SUEX1= COWVOLUTION SUM FOR EX3
SUEX0Da CcONvOLUTION Sum FOR EXZ
Hiz CLOSED~FORM HOMOGENCUS HALF~-SPACE EXPRESSION FOR HZ

Exz X«COMPOMENT OF THE ELECTRIC FIELD FOR A LAYERED EARTH
Eyz Y«COMPONENT OF THE ELECTRIC FIELD FOR A LAYERED EARTH

£X1= CLOSED-FNRM EXPRESSION FOR A HOMOGENOUS HALF-~SPACE
(X=~COMPONENT)

Evi= nLISED~FORM EXPRESSION FOR A HOMOGENOUS HALF-SPACE
(Y=COMPONENT)

£a CLOSEDeFORM EXPRESSICN FOR A HUMOGENQOUS MALF~SPACE
( COMBIYED ELECTRIC FIELD)

FCcz COMBINED ELECTRIC FIELD FOR A LAYERED EARTH

Fiz LAYERED FEARTH CORRECTION FACTOR

127
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C 21s LAYERED EARTH CORRECTION FACTUR

C Vis NORMALIZED FIRST LAYER RSEUDO WAVE NUMBER

o

¢
CHranabtisasttoedledttBaatadtdaoedtlodatttaRiuoRiaanasaasRnostats

CouMnN #CVM7 Cl,DS,ANG,F, X, YH(48),CH(48),YE(681),CE(61),TM
COMMON 260/ D(3),RK(I),RH(3),N,DEL,R
COMPLEX HM,Vv1,F1,5UM,m1,21,E1,EC,CL1,C2,
8EX1,EX7,EY1,EVD,SUFEXL,SUEYL, SUEXZ,SUEYZEXHEY
SUEX1sCMPLX(Q,2,02.3)
SUEY1=CHMPLX(D,2,0.02)
SUEXAscMPLX(D,8,8.7)
SUEY 12CMPLX(B,2,2,2)
SU*SCMPLX(2.0,0.0)
BBEEXP(X)
Ci=CMPLX(2,8.1.02)
C2zcMPLX(1,2,1.,0)
Crbaepblonaadsiisotioaappadionassdnen
CALCULATE THE J1 HAULKEL TRANSFORMS
Cunnantapannisopaddassnnaenaponvonne
DO 8 Jmi1,48
YEEXP (@ (X=YH(J)))
CA[L CALC(F1!210V1:Y’
EX1sClevin(Zl-1)+2,avie(1=-FL)/((Y+VisF1la(YeV1))
SUEX1sSUEX1+CH(J)eEXY
HzyYaYoavqe(y1,=F1)
Hew/((yeViaFl)a(y+evl))
SUMBS M« CH{J) #H
8 CONT I VUE
SUEY1=SUEX1
Hz(1/BH)e CIeDNSeSIN(ANG)aSUM/(6,.28318534DELaNEL)
R2eR®R
Hiz3,=(3,+3,.08C20R5+42,.8(1#BRwe2)#CEXP(~C2#33)
Hig(«C1eCTaDS#NCLeNEL*SINIANG)Y®HL)/(12.566371R2eR2)
12 FORMAT(2(1x,E14,8))
Hztieki
SU»3CHMPLX(2.8,2.8)
C%ﬁdﬂﬁﬁ‘%hiﬂﬂ-ﬁ‘bG#l§§§#§§0i§§16§§0§#§§
CALCULATE THE J2 HAMNKEL TRAMSFQRMS
CadRasdN g BuBOBRGUNDIBNDOVLDUDIRAOTNABRD
DO 4 I=z1,61
Yz XP(=(X=YE(])))
CALL CALC(Filzio Yi,Y)
EY zY®(Clevi®(Z1-1,)+2,8V1®(1,.-F1)/((Y+V1)a(Y+VieF1)))
EX. s(COSCARG)#a2/DEL)SEYY~(1/DEL) @2 , #Y¥Y2Viw(1,~F1)/
QC(Y+VI¥FL)a(YeV1))
SUE X 2SUEX2+CE( ) eEXE
SUEYZ2=SUEY2+CE(])eEYE
ECeClevieYua(Zi-1,03/2.0
ECREC-Y#Via(1,8-F1)/((Y¢Vi®F 1) (YeVy1))
4 StmaSiMeCEC(])WEC
ECsC1aTMaFaClanS#SINI2,#ANGY#SUM/ (12,566371eDEL*BB)
Ele=,5/0+(1+C2eBR)YaCEXP(-C24BR)
E1=2CleDSeRK (1)Y#SIN(2.%ANG)*F1/(6,2831853aR#R2)
EC=EL+EC
EXa(C1eTreFaClaDS/(12.566371#B5))#(SUEXB~CNS(2.%ANG)
&#SUEX1/R)
EYs(r1eTMareClenS/(12.566371eR) ) #SIN(2.441iG)#(~SUEYL/R
§+SUEYR/(2,#0EL))

’
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EX12Cl#DS#xH (1) a ((JeCOS(ANG)##2-2)+(1 ,+(1+C1)*BB)#CEXP(-C24BE)
8)/7(6,2831853#RaR2) .
EY1n3,oRH(1)0CI#DS«SIN(ANG)aCOS(ANG)/(6,28318534ReR2)
EXaEX+EX]

EYBEY+EYY

RE TURN

ENP

SUBROUTINE CALC(F1,21,V1,Y)
CHUEBRBRINBRRERPICRGBIRONOCNQGUABRBURDDRBBRBRTGRBESROOGS
C SURROUTINE CALC CALCULATES THE LAYERED EARTH CORRECTION FACTORS
C (F1 AND Z1) FOR UP TO0 3 LAYERSencsacusnosgaspnepdnoans
COMMON /QC/ D(3),RK(3),RH(3),N,DEL,R
COMPLEX V1,F1,V2,AEX, 24
Y2=YuY
T=2,8RK(N)
V2=CSQRT(CMPLX(Y2, 1))
DO 9 LL=2.M
[F(LL.GT,2) GO TO 4
FieCHPLX(1.2:7,2)
Z1aCHMPLX(1,2.2,0)
4 I=nell*t
DO=ep( 1)
T=p ,#RK(1])
VieCSQRTICMPLX(Y2,T))
AEX=(1,~CEXP(=V168DD))/(1.¢CEXP(~-V14DD))
Fle(V2#F1+V1OAEX)/(V1+VRAF 1w aEX)
Z1s(V2eRH(I+1)8B1+VLIwRH(I)®AEX)/(VL#RH(I)eV2aRH(]¢1) w21 eAEY)
9 V2=v1
RETURN
END
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FLOW FOR EMINT.F4

NOTE: TFor detailed derivation and discussion of the program

y -

see Daniels (1974).

Read in angle, R, current, source length, number of
frequencies, and 21.

Read in frequency and Real (HZ) pairs from the observed

, curve.

10--

-

] P

Read in the parameters that may be varied.
Read in estimated resistivities and thicknesses.
Read in a normalization factor.

Calculate theoretical curve from the model of Step 4
using the method described for EMFWD.F4.

Calculate a RMS error, ¢, = i(Yobser‘ved_Ymodel)Q
i= ’

Calculate n correction vector (& ).

Calculate new parameters: Pnew = Pold'+5

Calculate a new theoretical curve.

Repeat steps 7 through 10 until ¢ is small enough or
five times.

The smallest ¢znmithe adjusted resistivity and thick-
ness values are printed out.
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Covmnavrannnsnadns PROGRAM EHMINT 020 nasassteitansspansttondes
TulS PROGRAM JSES MARQUARDT'S ALGORITHM TO ADJUST FIRST
GUESS PARAMETERS T0 F1T THE OBSERVED DATA, THE SOURCE IS
ASSUMED TO BE A CURRENT NIPOLE, RECEIVER COMPONENTS WHICH THIS
PROGRA4 wILL FIT ARE CHOBEN BY THE VARIABLE NCOMP LISTED BELOW,

PROGIAM EMINT WAS CEVELOPED ON A DEC PpP-12 COMPUTER
AT THE COLORADD SCHOOL CF MINES, FORTRAN PROGRAMMING LANGUAGE IS
USED THROUGHOUT THE PROGRAM.

JEFF DANTELS
COLORADC SCHOOL NF MINES
FEBRUARY 1974
Coanpatnusnensposnptnssnsnsasen VARIABLES crvoesocnasswcasensos
NCoMP=21 « REAL PART OF RhZ CALCULATED
ANGs A*GLE (I DEGREES) CEFINING THE SOURCE-RECEIVER ORIENTATION
Rz SO0UNCE=-HECEIVER SEPERATION
Cl= SOURCE CURRENT
DSs SOLRCE LENGTH (IN METERS)
YNORM=z NORMALIZATION FACTOR FOR THE INPUT Y VALUES ( E.G, IF
THE AVERAGE VALUE FCR 20 EX VALUES (AT 2 DIFFERENY FREQUENCIES)
[$ +17@87E-10, YNORM SHQULD B8F .10070E-12)
IE= THE NUMBER OF x-Y PAIRS OF VALUES TO BE INPYUT
X(1)= THE [TH FREQUENCY
Y(I)= THE ITH VALUE OF ThE ELECTROMAGNETIC FIELD COMPONENT
CORRESPALDING TO TwE ITH FREQUENCY
Nz THE NUMBER OF LAYERS 1N THE FIRST=-GUESS MODEL
HP(I)= ITH LAYER THICKNESS
RH(I)= ITH LAYER RESISTIVITY
ax CHOICE NF PARAMETERS 10 BE VARIED ##
IFXE(J)=A THE JUTH PARAMETER IS NOT VARIED
IFXE(J)=1 THE JUTH PARAMETER IS VARIED
TWO LAYER ORDEK:
J=l « R} =2 « RH(1)} Jad « 4P(1); J=4 « RH(2)
THREE LAYE . JRnERY
Jel « R} J=2 & RH(1)3 J33 « HP(1)) Jad « RH(2)3J=5 « HP(2)}
Jsé « RH(I)
ﬂ‘Qal*“i.ﬁiﬂ0#60i’..bl'“ill&’ﬂ’ﬂﬂiﬁ#“ﬂﬁ*““!"'i{QQQ#QlO&QQQO.QG.
CO"'MO'\‘ /CV/ CI'DS,ANG:F'X»xx-TM
COMMNN /QC/ DD(3),RKK(3),RHH(3),N,DEL,RR
DIMENSTON X(25),Y(25),8(7),HTS(25),
EBDB(7),ATA(7,7), IFXE(6),HP(3) ,RH(3)
REAL LaAM
IN=g
Cn“#i&*ﬁGlﬁbﬂ'oDhiﬂ.léauﬁﬁbiﬂlﬁédﬂﬁﬁDG#QQ
C READ 1 THE LATA UNDER TwE LOGICAL UNIT "™IN™
FadabRdiaptoopsandtiadentanbtsvadtiagonnsa
READCI'«,1)ANG,R,C1,DS,IE,NsNCOMP
ME .= lE
FORMATI(E)
FORMAT(4F, 31)
READCTIN,9)(XCI),Y (1), WTSCI), I=1,NFW)
G FO‘:MAT(Z’(SJ(nElf'.:S)n2XiF301)
2 FORMAT(2F)
ANGE(3,1415927/1802,)4ANG
NBz2eN
READ(IN,B) (IFXEC(J),.=1,NB)
8 FORMAT(16)

eNelNoNeoEsloReEsReoNeloRosRolalale e Re ool NeloNe ReEa e R SoRoloReRe NoRoReo e No R e

| i |
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READ(IN,2) (HP(LT)Y,Rr(LT) LT=1,N)
READ(174,7) YNORM
U0 4 JJdsi,1Fw
4 YCOJY=sY (J )Y /ZYHORM
NPARs R
Bl1)=R
] o] 3 JETs1l,id
NCT=2#uCT
B CT)=arm(JCT)
B(+CT+1)=HP(JCT)
3 CONTINUE
CALL NONLS2(NPAR,IFXE»1E,X2Y,WTS,B,NCOMP,YNORM)
ENM

SUBRJUTI7E HONLS?2 (uPAROIFxElIEOX'YOWTSFBDNCOMPIYNOR”,
Cuonsatnresnoenennnd SUBROUTINE NONLS2 #sscussspevasccecassesany
THIS SUBRIUTINE CONTROLS THE LEAST-SQUARES CURVE FITTING
ALGORITHM 4S OUTLINED BY MARQUARDT (1963)

THIS 15 a MODIFIED VERSIGN OF THE ORIGINAL
GEOPHYSICS LLEAST=SQUARES PRQGRAM WRITTEN BY JORGE
PARRA,

aruvaptanealEAST SQUARES SLABRQUTINE#csssessacspntassasitsabas
NMVARz# OF UNFIXED PARAMETERS
NPARz# OF JNKOWN PARAMETERS OF F > LINOUT
NETS=#0F DBSERVATION RAOINTS
[wsQUTPT (FLAG!~1=NO OLTPUT,U,1,2=0UTPUT)
FAlLzOUTPUT(R,1025CONVERGENCE344,53N0 CONVERGENCE)
MAXITRzTHE MAXIMUM # OF ITERATIONS ALLOWED
IFXE=ACCURACY(IFXE(K)=1,THE KTH PARAMETER IS ALLOWED TO VARY}
1FXE(r)Yan, THE KTH PARAMETER 1S FIXED AY ITS INPUT VALUE)
NEXT=,
LINMI e
X(1E,2)=2D0UBLY DIMENSIONED ARRAY HOLDING THE OBSERVATIONS
(INDEPENDENT VARIABLES) AS ROWS OF X
Y(IE)s ARRAY HOLDING THE DEPENDENT VARIABLE OBSERVATIONS
WTS=ARRAY HOLDING THE RELIABILITY WEIGHTS FOR EACH POINT
/1F WTSs? THE WEIGHT m1.E7/
ATAZA® MATRIXFROM MARWUARDT'S FORHULATION
BzHOLNS THE INITIAL ESTIMATES OF THE PARAMETERS, IF IFAIL=0
OR 1, B HOLNS THE CONVERGED PARAMETER SET
BDB= THE FI#nAL CORRECTICN VECTOR TO THE CONVERGED PARAMETERS
I1Pel0euaB
LAMSMAROQUARDT 'S DAMPIHNG CONSTANT
PHIs(Y((BS)=Y(MODEL))®Ra2
DaC=.05 / PARABLOIC MINIMUMIZATION
FYALUF =3UBROUTINE THAT CALCULATES THE MODEL
PARVAL®SURROTINE THAT CALCULATES THE FIRST DERIVATIVE OF THE
MOQEL
ANS=CORRECTION VECTOR AT THE POINTS OF LINEAR MINIMUMIZATION

S Y X 2 X TS 2 X222 22 2222222 X222 R YRR R A X 2N R

oOMNMOOOOO0OCO OO0 OOaaOOaOO0O0 OO0 OO0 OO0

DIMESNSIOY ATFC7),ANSET7),ANSL(T7) L, EX(T)
DIENSIUN X(25),Y(25),8(7),BDB(7),WTS(28),ATA(7,7)
REAL LAM,LLNO, 12, NORM
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DIMENSION INX(7),IFXE(T)
INTEGER FAIL
1273 FORMAT(4(2X,EL14.8))
LI AT E R ALY SRR 2 L L0 A
€ SFET Twg CONSTANT VALUES
CQ““#Q*”D&&I“QG’IQQG'I#GQ"!&0.0.“#'
LAz 7,91
NPTS=2IE
IDenNPAR
MAXITR=6
EPEq,E+0
NEXT=2
GAMAZ =4S,
TWad
ITER=A
TR Rz1,E~8B
10uT=2
IR=3
c DETERMINE THE PARAMETERS TO BE VARIED,

NVaRed
00 12 1=1,rPAR
BDR(]Y=B(1)
ANS(l)=g, ., Er
ANS1CI) =2, 9
IFCIFXECT) JLE.2) GO TO 17
NVARENVAR+1
[NX(NVAR)S]
12 COrTINJE
3oL FORMATI(ID)
[FC(1#,GE,m) WRITECIOLT,117¢2) wPAR,NVAR, NPTS, MAXITR, IW,LINMIN,EP,

#0AC
C
C EXAMINE TiiE WTS ARRAY
o
NCwhMsd  EF
DO 42 1=1,~PTS
IF(WTS(1)) 20,30,40
2 WT5(1)31 By /WTS(])ae
GO 70 49
33 WIS (1)ag,ktw
40 NORME JORM+WTS(])
NORMEFLOATINPTS) /HLRM
IF(NNRM L EQ, L E@) GU 10 61
DO &% ]=1,%PTS
50 KTSt1)2WTS(1)#NORM
c
C CALCULATE THE INITAL SuM OF SQUARES
Cc
62 PHI=O,E2

IF¢14.6GT,7) WRITE(IOLT,18200)
0O 7?2 131,MPTS
NPuFC=1
CALL EMEALGC (X,B,I1E, 1, EX,FV,IFXE,NPVFC,NCOMP, YNORM)
SS=Y(1)~FV
IF(In GT, ) WRITECIOQOLT,1p2oa) X(1),Y(I),FV,SS
73 PHIZRPHI+SSwa28aTS5(1)
Ctdtonattoaltedtadeadldssnanonasnens
C STANT THE DAMPEDN GAUSS! PROCEDURE

Cronaadialhadesssatdada s daaaaaitobaanaas
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82 ITERSITER+1
IF(Iw,6T,d) WRITE(IOLT,118202)
IF(ITER,GT,MAXITR)Y GO TO 389
DO 92 1ai,NPAR
90 BDR(1)ag(])
D0 122 1m1,NVAR
ATF(1)=@,E0
DO 122 Jsl,NVAR
100 ATA(l,J )= ,ED
Cw*0§l§ﬂdiib&&ﬂ.&b"##&.#oHGQQQG'G
C GENERATE THE ATA AND ATF ARRAYS
CHtangattpadedadtsdtddastantddsebatsny
DO 112 1m1,NPTS
NPYFC=1
CA L EMCALC(X,B,1E,1.EX,FV2IFXE,NPVFC,NCOMP, YNORM)
NORMaWTS(I)a(Y(1)=FV)
NPYFC=2
CALL EMCALC(X,B,1E,1+EX,FV2IFXE,NPVFC,NCOMP, YNORM)
DO 112 Ls1,NVAR
JEINX(L)
ATE(L)SATF () «NORMOEX (J)
D0 117 MsL,NVAR
KEINX(M)
ATACL MIBATACL ) MISEX(JISEX(K)®WTS(])
112 CONTINUE
IF(14,GT,2) WRITECIOLT,115908) ITER,PHI,(g(l),I1x1,NP4AR)
CHiRaatigaoRsatttatarsiactassadRlonptatsanstsd
£ PERFORM A LOCAL SCALING ON THE ATA MATRIX 710 AID CALCULATIONS,
RO R R Rt RO RNRRB LA R RNB NI RADRBBRE RO RRORRNRDELRGS
00 1207 1=1,NVAR
IF(ATA(I'I).EQOE'DH) GO TO 416
127 EX(I)=SQRT(ATACI,I))
DO 142 Is1,NVAR
ATF(I)RATF(I)ZEX(])
DO 1423 J=1,NVAR
IFt1.EG,J) GO TO 132
ATACT, J)sATACT, J)ZCEX(T)*EX(J))
GO T 140
130 ATAa(l,1)s1,E2
140 CONTINUE
CHADHaR I 430008 RttBRBORBRBRARBRERRORRRBORGERORBLBDRGGLE
c DETERMINE A VALID LAMDA FOR THE SCALED PARTIAL MATRIX,
C GAMA=DIRECTION VECTOR ANGLE
C PH]1=SS ERROR FOR NEW LaAMBDA

Cresaattaasdtatast et estidgitgtRordiaagodotutaaiidadasgntadrepitats

FAC=1,E+D
CALL VEWLAM(ATA,LAM,BDB,ATF,ANS,EX,GAMA,FVALUE,PHI1,X,Y,WTS,E,
«1D,1E,VVAR,NPTS , NPAR, IFAL,» INX, IFXE, IR, NCOMP, YNORM)
IF(In GT,0) WRITE(IOLT,106¢0) LAM,PHI1,GAMA
CoritanotigantaRtantoltentscgetienatadnpricnesdaastannpnds
C EPs RELATED To THE FIRST GUESS (CONTROLS LAMBDA SO THAT
c LAMBDA DOESN'T GET TCN LARGE) EXAMPLEIEPE=,5 THEN THE
C GREATEST CHANGE THAT THE PARAMETERS CAN HAVE IS s@2% OF
C THE ARIGIMaL FIRST GLESS
CQ*QOO“QQOGQCQ“#G’*QO#QQ##!QGQQQO660#0!06#0'#“&.6@'.6&6.4’
[F(IFAL=1) 150,390, 4¢0
159 DO 187 131,NVAR
IF(ABSCANS(1)),GT, (TCLR+EP#ABS(BCINX(I))))) GO TO 189
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160 COrTIMUE
IF(PHI,,LT.PHIL) GO TC 44C
00 170 I=1,NVAR
172 BOINX(IN) =g (INX(I))*+4NS(])
PH! sPHI1
GO YO 4409
189 IF(PHI1,GE.PH]) GO TO 220
IF(LAM,LE.TOLR)Y GO TC 320
D0 1213 JP1=1,NVAR
1213 B(JUP1)=BDR(JPL)
PHIsPHI1
LDOSLAM/17A.0ED
CALL NEWLAM(ATA,LDO,ENB,ATF,ANS1,EX,GAMA,FVALUE,PHIZ2,X,Y,WTS,B,
®lD,1E,NVAR,NPTS,NPAR, IFAL,» INX, IFXE, IR,NCOMP, YNORM)
IF(IW.GT,2) WRITE(IOLT,107202) LDO,PHI2,GAMA
IFCIFAL=-1) 192,398,427
19@ IF(PHI2,GE,PHI1) GO TN 320
208¢ LAM=LDO
00 1227 JP1=1,NVAR
1297 B(JP1)=BOB(JP1)
PHIePHI2
D0 21¢ I=1,NVAR
210 ANS(I)=zANS1(])
PHIi:P:Alz
GO T2 322
229 LDO=LAM 10, 2ED
CALL NEWLAM(ATA,LDD,B8NB,ATF,ANSL,EX,GAMA,FVALUE,PHIZ2,X,Y,WTS,B,
.ID.IEDQVAQ.NPTS,NPARnIrALOINX:IFxElIR)NCOMP.YNORM)
IF(Iw,6T,2) WRITE(IOLT,18728) LDO,PHIZ2,GAMA
IF(IFAL~1) 238,390,427 '
232 IF(PHI2,LT.PH]) GO TC 280
L1 AM
249 Lin=L12#12,E0
CALL NEWLAM(ATA,L1d,BD8,ATF ,ANS,EX,GAMA,FVALUE,PHIZ  X,Y,WTS,B,
#1D,1E,4VAR,NPTS,NPAR, IFAL, INX, IFXE, IR, NCOMP, YNORM)
IF(L13.6T.1.Ees) STOP
IF(I4,GT,2) WRITE(IOLT,14992) L12,PHII,GAMA
IF(IFAL~1) 252,390,420
250 IF(PH13,6F ,PHI,AND,L17?,GT.1,E+3) GO TO 3402
[F(PHI3,GE,PH]) GO TC 260
PHI1=PHI3
PH1sPHIZ
DO 1208 JP1=1,MVAR
1278 B(JUP1)=BDB(JPY)
LAMEL 1D
GO 10 322
260 IF(GAMA,GE ,GAMAR) GO TO 249
FAC=FAC/2.ED
D0 27¢ 1=1,NVAR
270 ANS(I)SANS(I)/2.E0Q
DO 2RO 1s1,NVAR
IF(ARSCANS(I) ), GT. . (TCLREP*#ABS(B(INX(]1))))) GO TO 299
282 CONTINUVE
GO 7O 439
290 00 328 a4, VAR
320 BORCINX(I))YSBUINX(I))+ANS(])
PH13=3,D¢
N0 312 1s1,NPTS
NPVFC=1
CALL EMCALC(X,BDB,1E,1,EX,FV,IFXE,WPVFC,NCOMP, YNORM)
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312 PHIZaPHI3+(Y(])=FV)eu2alTS(1])
IF(IW,6T,0) WRITE(IOLTY,103208) FAC,PHI3
GO YO 280

320 COMTINUE
IF(1W,LE.L) GO TO 36¢
IF(NVAR,EQ,NPAR) GO 10O 340
D0 330 lai,NPAR :

334 EX(1)=2,E0

34¢ DO 350 Im1,NVAR

3502 EX(INX(T1))=ANS(1)
WRITE(IOUT,1160p) (EX(1),I81,NPAR)

362 COnTINUE
GO TO 449

382 IF(I&,GE,@) WRITE(10LT,1232¢)
FAIL=2
GO TU &5

392 IF(IW,GE,2) WRITE(10LT,12000)
FATL=3
RETURN .

420 IF(IW,GE,®) WRITE(INLT,119203) GAMA,LAM
FAIL=4
RETURN

419 IF(IW,GE,?) WRITE(IOUT,11428) [,(B(K),Ksy,NPAR)
FAIL=S
RETURN

420 IF(1V,GE.A) WRITE(IOUT,10520)
FAIL®S
RETURN

43¢ IF(19,G7,7) WRITE(1OLY,12472)
FatL=1
GO TO 4%¢2

4402 IFCITER.LE.4) GO TO 8@

CORBORUrRBRRDERBERRRDIRDBROEDNONERENTS

g THE PROCEDURE HAS COMVERGED
Crapudltantrtasntolonngaadnnss
FAIL=D

IF(14,6E,2) WRITE(IOLY,11892)

IF(IW.GE,0) WRITE(IOLT,11800)

IF(IW,GE,®) WRITE(10LT,122¢0) [TER

483 IF(1+#.GE,?) WRITECIQLT,121@8) PHI,(B(1),1at,NPAR)
Cﬁ-*.&Q*“QO“.QQGGG#D‘G#&.OG!O.G."Q‘#.’..GDQ’Q*QQ
r CALCULATE THE STANDAKD ERROR, USE NPT8~NVAR..NEXY AS THE DF,
CrRgaattoatBensdoseRainadanritindiatlaosadnen
NORMESORT(PHI/FLOAT(NPTS~NVAR-NEXT))

CHRpaadsannetastotltiatestisnnasdodasnnnsrtaes
c REMAKE THE PARTIAL MATRIX INSTEAD OF USING THE RE-SCALED MATRIX,
c THIS COULD EASILY BE CHANGED,
Cnﬁlu’a*!H!GGI'QGC!'#GQOO&DQQQDQQQ‘GGQGQ’QQQ.&}Q"#

D0 443 I=1,NPAR
469 BpB(I1)mp,E¢

00 470 1s1,NVAR

D0 473 Jsl,NVAR
a7 ATAa(T,J)=0,E0

D0 422 [31,NPTS

NPyFrn=2

CALL EMCALCU(X, 8, 1F, 1 ,EX,FV,IFXE,HPYFC,NCOMP, YNORM)

DO 4KR¥ L=1,NVAR

JaINX (L)

00 483 MsL,NVAR

Kz NX(“)




T-1700 137

489 ATACL,MYBATACL , MISFX(JIBEXC(K)®WTS(])
CALL INVRT (NVAR,ATA,ID,I1FW)
IFCIFULER,1) GO TO 422
DO 492 1s®41,NVAR )
EX(I)3SQRT(ATA(I+1,1))
492 BOR(INX(1))=NIORMaEX(])
Ca-\lCHPQ*ﬁ6&&0“00&6“‘“#&!0“&.&*#04
C CALCULATE THE CORRELATION MATRIX
cﬂ“”#ﬂ“bcihbﬂb’.“ﬂ“ﬁi&.il.“!l.l'“
00 544 1=1,NVAR
DO 542 Uri1.,NVAR
502 ATa(l,J)sATACJel, 1Y/CEX(I)®EX(J))
IF(IW,.T,@) RETURN
CHbaagiiipeanotdodtitassaditguoddsnspastonantntante
e FRINT THE PARAMETERS AND THE STANNARD ERRORS ASSOCATED T0 THEM
C{t#“b#ﬁ-ﬂ'#i.Q&Qiﬁiiiﬁﬂg}.Qﬁ“#'jblﬁﬁ#&bbﬂ9&#".%“##{#
WRITEC(IOUT,11322) C(IAX(I)BOINXC(]I)),BDBOINX(1)),1=21,NVAR)
IF(NVAR,EQ,1) GO YO 320
IF(FAIL.ER,2) GO TO 5490
Cusnnat ioatdonsdanndaananestas
C PRINT THE CORRELATION MATRIX
Cortaadidigadsdtantotdisadtpanstisdnes
WRITEC(IOUT,11202)
D0 512 1=1,NVAR
512 WRITEC(IOUT,11000) 1, (ATAC(J D), Jd=1,1)
CGC‘Q#Q*%O#.OG00»##*‘66&.00'
C PRINT THE INVERSE MATRIX
Cu»ii#bi%Q.&GQ&Q#Q'C..GQQGO‘QGQ“
WRITE(IOUT,11802)
WRITE(IQUT,11820)
520 WRITE(IQUT,11120)
ManVAReL
D0 532 1m2,M
K=In1
539 WRITE(IOUT,10402) 1, (ATA(I J)d=1,K)
542 CONTINUE ‘
WRITE(IQUT,118202)
WRITE(CIOQUT, 1182
WRITEC(IOUT,104a¢)
DN 53 1my,dPTS
NPVFC=1
SSay(l)-FV
550 WRITE(IOUT,1202p) X(I1),Y(I1).FV,SS
WRITE(IOUT,1258@) YNCRM
RETURN
13802 FORMAT(4E14.8)
10102 FORMAT(4HZ, 'FINAL DEVIATIONS'/1iH ,1X, '"FREQUENCY',3X
8"OBS';i&X;.CAL'nIZXn'O"C')
19220 FORMAT(4HQ, "INITIAL CEVIATIONS'/1H ,13X,'08S',13X,'CALC"', 12X,
#'0aC")
102305 FORMAT (1H2,'FAC="',E£14.8,6Xs' FHI(FAC)Y = ',F14,8)
10447 FORMAT(1H ,'ROW *,12/(4iH ,B8E15,6))
1052 FORMAT(LHZ, "FIMAL A TRANSPOSE A IS NOT POSITIVE DEFINE")

10602 FORMAT(1HA, "' IN-L = ',F14.8," PHYICIN-L) = ',E14.8,
o' GAMA = ',F10,4)

12702 FORMAT(4W],' L/712 = ',E14.8," PHI(L/12) = ',E14,8,
*' GaMa = ',F10.4)

12820 FORMAT(3IHAL »7E14,8/(3H 114X,6E14.,8))

10942 FORMAT(1MZ,' L®10 £ ',E14.8," PHI(L®#12) V ',E14.8)
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'y GAMA = ',F10.4)

11207 FORMAT(LH , '"ROW',12/(1H ,BE15.6))

11127 FORMAT(1HA, ' INVERSE MATRIX =~ LOWER TR1AuGULAR PORTION')

1127y FORMAT(4HZ,'CORRELATINY MATRIX LOWER TRIANGULAR PORTION ROW BY ROW
oPRINTY)

113p FORMAT(1+2,' VARIABLE',6Xs'PARAMETER VALUE',5X, "STANDARD ERRQR'/
o (1H3,4X012,9%,E15,6,7X,EL0.4))

11400 FOSMAT(1H2,'THE DIAGCVAL ELEMEWT RESULTING FROM THE PARTIAL WwRY
#B(',12,') 1S = a,n'/14 ,'THE POINT AT WHICH THE FAILURE OCCURED
#IS'/C1iH ,7614.8))

115020 FO-MAT(4HI, 'ITFRATION ', 13/1H »7E14,8/(1K ,16X,6£14.8))

11600 FOAMAT(4LMH2A, 'DIR-VEC'.5X,6E14,8/(1HD,12X,6E14.8))

11700 FOuMAT(1H1,T3,"'NPAR',T11, "#VAR',T19, 'NPTS!,T27, "MAXITR" ,T37, K",
¢T4;,'LIN%IM'-T56.'EP':T71;'DAC'/1H IT4'120T12112nT29'120T291
#l2.737,12,744,12,753,E£10.4,768,E12,4)

11822 FORMAT(1HE/)

11927 FOuWMAT(1H?,'GAMA = ',E14.8,"' WHEN LAM = ',E14.8/
alH ,'THERE PRORABLY EXISTS EXCESSIVELY HIGH CORRELATIONS BETWEEN
¢ T+F PARAMETERS!)

12275 FOXMAT(4H3,'THE (ATA +LAM®I)Y MATRIX FAILED TO BE POS,DEF,")

12300 FORMAT(140,7E14,.8/(1k ,16X,6E14.8))

12206 FOMAT(LHA, 'OPTIMAL POINT REACHED IN ', 15, * ITERATIONS')

1230 FOmMAT(1HA, "MAXIMUM AUMBER OF ITERATIONS REACHED=-BEST POINT PRIN
aTE. /)

1240 FORMAT (4Mu, 'THE DELTA-B VECTOR REDUCED T0 CONVERGENCE LEVEL WMILE
#GA“A LESS THAN GAMAZ,'/1H »'THeg POINT [S PROBABLY OPTIMAL WITKWIN
#RO. NDI%NG FERRORS, ')

12527 FORMAT (41X, *NORMALIZATION FACTOR = ',E14.8)

ENG

SUSROUTINE NEWLAM(ATA,LAM,B1,ATF, ANS,EX,GAMA,FVALUE,PH],
&X,Y,NTS,R,ID:IE,NVAR.NPTS,NPAR.IFAL:INX.IFXE:IRONCOMV!YNOR“)
Cosneeazrzrag SIBGROUTINE NEWLAM o0aasdusaesaptasadiosasnnasnsd
S gRIUTINE NEWLAM CALCULATES THE YJEW LAMBDA FOR THE LEAST
SQUARES PRAOCENURE CONVERGENCE ACCORDING TO THE ALGORITHM
STATE RY MARAQUARDT (1963).

CRIGINAL PROGRAMER JORGE PARRA
ODIFIED BY JEFF DANIELS

T e ST T ey yryvyerey e T LR RS F LT R R R XX 2 2 22 L 4 2
STMENSTION ATA(7,7)a8Ba(7) s ATF(7),ANS(7),EX(7)
DIAENSTION Y(IE) ,XCIEY ,WTSCIE)»B(7)

CIMESSION INX(20),IFXE(T)
REAL LAM
C0-257,295779E@
[FaLa?
0DC 42 121, VAR
ATa(l,1)s1,E9
e ATACT,1)®RATACT, 1) «LAN
ERFQRY s, ZA1LF+
CALL DSNAL (ATA,ATF,ARS,25, "VAR,ERRORX,13,IDET,1,IFAIL)

1225 FORMAT(15)

1346 FOrR~AT(3(4X1E14,8))
IF(IFAILLED.1)Y GO TO 24
[FaL=1
RETHRY

2¢ 0N 39 [=1,r VAR

c
C
C
c
C
G
C
C
G
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ANG(1)=ANSCI)/ZEXCT)
IFaJL=ad
IF¢Nva=,ME,1) GO TO 42
GAMA®d, ED
GO T2 72
472 SUsMi32,E"
Su42=2,£7
SU~3=3,E0
nNo &% =31, VAR
SUM1aSUMLI+aANS()=ATF(])
SU“2zS5UM2+ATF(1)ee2
52 SU#Z32SLUMI+aANS () na?
CO«GA1gU11/S0nT (guMZ#r5UMI)
iVaSORT(1.E8-COSGAMaCOSGAM)
GAMASATANM(UV/COSGAM)#CON
IF(CNSGAM.6T«03.ER) GC T0O 62
GA~A=130,EL-GAMA
IF(LAM,LT.1.E2) GO TC 60
IFalt=1
67 IF¢(1FAIL,FQ.2) GO TO 78
[FaL=2
RETUR N
72 DO BZ =1, VAR
K= INX(1)
872 Bi(KY=R(n)«ANS(1])
PH1s k2
09 9@ I1=1,.PTS
NPVF(C=31
CALL EMCAILC(X,B1,1E,1,EX,FV,IFXE,NPVFC,NCOMP, YNORM)
92 PHIPHI+(Y(I)=FV)an2aNTS(I1)
RETRY
ENe
SURROUTIE INVRT(N,A,IE,IFL)
CovsporepasasnnreaadeaSURROUTIMNE JiVRT oot aataatsinsdandadndalnts
C THIS PROGRAYM PERFQRMS A MATRIX 1.VERSION ON THE
C Twn DIMENSIONAL ARRAY AL

C:#»aaun“oaoéa¢n§§¢06404¢0¢doiuoﬁoua%cnoa&uaooon@n#oco&cotu.u&

4
2

DIMENSION AL7,7)
IFL&.
DC 44 =1, -
[1a]+1
DG 4 Jd=l,.o
JizJ+1
Xza(l,4d)
K:I-i

1 IF(K.,LT,1) GO To 2.
XzxmA (i )K)®A(]1,K)
KSkml
GO TO 1ip

20 IF(JgsNEL,T1Y GO 70 37
IF (X LE,Z.EA) GO T2 67
Y=1 ,E3/S0RT(X)

Alri,10=Y
GO TO 4@
33 AC 1,1 )=Xay
42 CO~TINUE
NLzN=~1

00 62 I=1,°L

13




52

67

743
82

93

e Re!

TR OOOOCOTT OO0 agGoaoaga s

i3

e
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KLzl+1
DO &7 J=KL,N
£z, ,EJ
JiszJ+1l
Kzjwl
IF(K, LT, 1) GO TO 62
Z2zReaA{ 1, K)BA(K+1,1)
Kzueml
GO T2 5
Al 1a1)=Z2eA00t, )
JlaN+1
DO 82 I=1,4
DO 84 J=1,
2=,0¢
KlzJd+1
DO 72 x=Ki,Jl
ZaZ4A (X, J)sA(K, )
Alrkps])=22
RETHURY
IFL_ll-
RETIHRN
Ene

SUSROUT INE DSOL (A,B, X, NAMAX,NA,ERRORX,MAX]IT,K, IENTRY, ISING)

TH1S SUBROUTIYNE SOLVES A SET nF SIMULTANEOUS LINEAR EQUATIONS
USTNG CROUTS FACTORIZATION WITH PARTIAL PIVOTING, EQUILIBRATICN,
ITERATIVE [MPROVEMENT, AND DOUBLE PRECISION OF PRODUCTS TO REDUCE
ROUND«OFF ERROR,

SURROUTI?‘Q pARAMETERS .ov'..c.-i'vl.ouo.|0'ouv.!'-lQO.Q.Q'DQGOQOQ
A = THE COEFFICIENT MATRIX
THE CONSTANT VECTOR

B 3
X = THE SOLUTION VECTOR (INFORMATION RETURNED)
NAAX = THE NUMBER (F ROWS IN THE DIMENSION OF A IN
THE CALL1 4G PRQGRAM,

NA = THE NUMBER CF ROWS [4 A
FRROARX & THE MAXIMUM ALLOWABLE FRRNR BETWEEN SUCCESSIVE JTERATICNS
MAXIT = TufE MaxIMym ALLOWARLE NUMBER OF [TERATIONS
K 2 TwE ACTUAL nUMBER NF ITERATIONS PERFORMED (INFORMATIQON RE
IE -TRY 2 1 (FIRST catl Y0 SUBROUTINE)

2 2 (SUBSEQUENT CaALLS WITH UNCHANGED A)
[S146 = 4 THE MATRIX [S ~NON-SINGULAR (INFORMATION RETURNED)

2 2 TWE MATRIX [S STINGULAR, PROCEDURE DISCONTINUED,

"illl.l."l"vct.ollQhoO'lno-QOv'ocao!c..-.oc-lvln'ltcngl. L

IF A SINGULAR “ATKIX 1S ENCOUNTERED THE PRUCEDURE IS DISCONTINUEU
AN ERPOR MESSAGES ARE PRINTED QUT,
IF A S°LUTION IS REJILIRED FOR THE SAME A-MATRIX, BUT FOR DIFFERENT
B-VvECTNRS, THE SUBROLTINE ™AY RE SUBSEQUENTLY DIRECTED TO ENTRY
POINT == Tu0.
PROGRAMED BY
NONALC SNYDER 1968
COLORADC SCHOOL NF MINES
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DOBLE PRECISION §

DIENSTION A(7,7),B(73,X(7)BIGB(7,7),Q(7),R(7)
DIMENSTION IPIV(12)

[0uYT=2

GO rC (139:206)116NTRY

ENTRY .o QKE e o 8 2 8 8 8 8 8 @t 0 2 e o g L 0 e st ettt ars et e h Nttty erety

1d4¢ CONTIJLE

STORE MATRIX A IN ARRAY BIGB
DN {141 1®1,NA
00 121 usi,NA

121 BIGB(tI,J)aAa(l,J)

DETERMINE ELEMENT wIltH MAXIMyM MODULUS IN EACH ROW, STORE IN G,
DO 143 1=1,NA
PLAL~Q=p, P
D0 122 Je=i, A
TEST=ABS(A(L,J))
IF (TEST,GT.PLAIND) PLAINQSTEST
122 COLTINUE
QC1)=PLALING
BOX 13 - CHECK FOR SINGULARITY N EEEEEREE R T I B I A I BRI I B I O B AL A ]
IF (PLAING,LT,.Z.1E=32) GO TO 301

193 COATINUE

DETERMINE THE ELEMENTS OF THE LOWER TRIANGULAR FACTQR OF A
STHRE CVER BIGR
D0 110 IR=1,NA
AMAXRE , @
IRMAXSIR
LIMR]Rmq
DO 126 Is1Rr,NA
S=pBLE(BIGHE(I, IR))
IF (IR,EQ.1) GO TO 1¢5
DO 124 Jmi,LIM
174 S=3SmBIGB(].,J)8BIGR(J.IR)
12% BIGB(I,IR)=SNGL(S)
TEST=ARS(BIGB(I,IRY/C (1))
[F (TEST,LE.AMAX) GO TO 126
AMaXBTEST
IRvAX=]
126 COYTINUE

BOX 37‘CHECK FOR SI'JGULARITY R R R N I O BN B I A B B
IF (AMAX,LT.2,1E-38) GO TO 3@2

GEIRMAX)EN(IR)
IPIV(IR)a]HMAX

INTERKCHANGE THE IR AND [RMAX ROWS OF BIGB
DO 127 l31,NA
PLAIYQeRBIGE (IR, 1)
BIGB(IR, I aBIGB(IRMAX, 1)

137 BIGB(IRMAX, ) aPLALING
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DETERMINE THE ELEMENTS OF THE UPPER TRIANGULAR FACTOR OF A
STHRE QVER BIGR

IF (IRLE3.NA) GO YO 118

LOvr=zIReq

DO 149 I3LOWNINj

S=0BLE(BIGB(IIR, 1))

IF (1R,£0.1) GO 70 1¢9

DO 148 Jsi,L1IN ‘
S=S«BIGB(IR,JISBIGR (. 1)
BIGB(IR,I)=SNGL(S,OBLE(BIGB(IR,IR)))
CONTYINUE

FACTOR[ZATINON 1S COMFLETE, NOW FIND SOLUTION

ENTRY - o TV«O * 5 8 o 5 2 8 T 0 0 8 %k s 0 9 P U NN N g9 0 sttt gttt

COuTINUE

PRESET ITERATION PARAMETERS, A0D TWITIALIZE SOLUTION AND ERRCR VEC
Kz .

IFIN2D

ISING=1

DO 224 1=1,NA

X(1)=2,0

R(1)=8(1)

CO&Y{ﬂug

PERFORM FORWARDS SUBSTITUTION
L=tPIV(I)

S=2PBLECR(L))

R(L)eR(1)

IF (1.,EQ.1) GO TO 224

LI z2l=1

Do 273 Jsi,L1Iw
S=5-BIGB(T,J)#3(J)
R(1)&SHGL(S/OBLE(BIGE(], 1))

PERFORY BACKWARDS SUESTITUTION

I=+ A+l
DO 276 H=z1i,NA
1271

SzBLE(R(T))

IF (1,EQ,'A) GO TO 2¢6
LOwale+d

ND 275 JsLOWalvp
S=5~BIARB(1,J)*R(J)

5 R(1)3S

COPUTE NORMS

ANNRXBQ,

ANMCRCESQ, 7

IF (K,EQ.d) GO TO 212

DO 247 131,MA

TEST=ARS(X(]))

IF (TEST,GT.ANORMX) ALORMX=TEST
TE“T=24AdS(R(1))

IF (TEST,GT,ANORME) AMORMEEBTEST
CO TINUE

[F (K, 4E.1) GO TC 208
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C BOX 94"CHECK FOR SI”GULARITV L N L O I O R DU RN S R TN SRR BN IR BRI RN SN BTSN T SN T I A )
IF ((ANORME/ZANORMX),.GT,2.5) GN TOU 303

208 IF ((A~QRMF/ANORMY).LT.ERRURX) IF1l:=1
212 CONTINUE

C COMPUTE CUHRRENT APPRCXIMATE SOLUTION
DO 211 I=1,NA

211 XCrysX(1)+=(1I)

C

C COYPUTE ERKOR aND STCRE BACK IN R
No 213 1=1,HA
S=nRLE(B(I))
00 212 Jsi,NA

212 S=SeA(]l,d)yuX(J)

213 ROIY=SNGL(5)
K=+l
IF (IFINLEW.1) RETURA
IF (X, LT MaXIT) GO TC 292

¢ PRINT ERROR MESSAGE AND RETURWM
WRITEC(IQUT,11) MAXITR “
RETURN
331 IBnxail
GO TO 34
Ig2 IBnX=37
G0 TO 3pé
323 IBIXE94
324 WRITE(IQUT,12) 1BOX
ISINGa2

11 FORMAT(4H2,583KSOLUTIC Y HAS NOT CONVERGED TO DESIRED ACCURACY AFTER
1,195,114 ITERATIONS)
12 FOMAT(1H?,3IHSINGULAR MATRIX UETECTED AY BOX,I3)

1

RETURN
ENN

SURROUTINE EMCALC(FF B, IE 1, DERIV,FV,IFXE,NPVFC,NCOMP, YNORM)
Crowomvinesnvoncants SURROLTINE EMCALC #ntosssastannodzon
C THIS SuBROUTINE HANDLES B0TH THE CALCULATION OF THE FORWARD
C SOLUTINN AND THE PARTIAL DERIVATIVES OF THE FORWARD
C SOLUTIAN WITH RESPECT TO THE LAYERED EARTH PARAMETERS
C AND THE SJURCE RECEIVER SEPERATION,
G
Cetpppditpaenrontanstsd VAR ABLESH# 40 aatoaantadodostaganas
C FFe FREQJENCY IN HERTZ
C F=z ANGULAY FRFEQUENCY
C DC1)= NORMALTZED THICKNESS FOR THE I~-TH LAYER
C Re(l)a ~NOMALIZED RESISTIVITIES FOR THE I-TH LAYER
C DEL= #00IFIED WAVE NUMBER
¢
C
C

HHBERT RS ARDB UG R RN DI L BQ DR ODRR R R BB RBRIRDUT S RBBGORES

COMPLEX H:E _
COVMAY /PD/ EXX(6),HXx(6),DINX(6) /KFXE(6),EC,HR,ECK,ECT,HRR,HZ1
&rEXRIH),EXI(6),HXR(6) ,HXI(6)
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COMY Y /HC/DOUL3) yREK(A),HHH(3)Y Ny DEL,RR
COMMON JCV/CT,0S, AJCF XX TH

COMMIN /PART/ R (3), AH(3) »HP(3),HPP(3),D(3),
EX, 7,3

DIMENSIC - RU7),FF(25),DERIVIT7), IFXE(6)

R=w2(1)
NBz2# v
DO ¢ JCT=1,1
NCT22#CT
RH{JCTY=nr(NCT)
HP{JCT)=RINCT+1)

1 COTINUE
Do 3 Jg=i1,48

RS KFXE(JCYsIFXE(JC)
TM=212,566371E~7
FsFF(l)a6,2831853
DEL=sSAT(2,8RH(1)/(TraF))
D0 2 Jusi,
Clug)s2,#4p (JJY/DEL

2 RK(JJISRHILI/RH(JY)
X=ALDG(R/DEL)
P=1,221
kReR
XXaX
DO 9 J=z4,-
RHHM(J) =R~ (y)
RKK(J)YsRK L)

Q CDeJ)=Ncd)
CALL r\AL(E-HJr\COMP)
ECaCABS(E)
HZ=CaBS ()
ECReREAL(F)
FEClaAI™AGIE)
HZR=REAL(H)
HEZI=AIMAG(R)
IF(NPYVFCL,EU.@) GO TO 17
IF(NCOMP,E0,21) FVeHZR/YHORM
17 CONTINUE

IF(NPVFC,EQ,L) GO TO 4
CA'L PARDER (IFXE,DERIV,NCOMP,YNORY)

4 COTINUE
RE TR
EN-

SURRJUTIHE PARCER(IFXE,QERIV,MCOMP, YNORM)
CnooapreQ IRRIUTIAE PARDFR#4RKBOCORIRNNORBIUREDERBDRDBGRS

C THIS Su8R0O.UTIUC CONTROLS THE PARTIAL DIFFERENTATION WRT THE

C LAYERI"G PARAMETERS (RESISTIVITY anD THICKNESS)

Cbﬂﬂﬂ»bﬂ--“qiﬂilﬁﬁ&#6”6{4#{.{-6&&D#%*'*QG&OGQ&”#*“DG#*ﬂ“*ﬁ-ﬁ{!Q#.i.#%

CO=mMON /PT/ EXX(p) ,H4x(8),DINX(0) KFXElE) ,EC,HEZ,ECR,ECT,

BHZU  HET EXH(6) ,EXT(6) , HXR(E) , HXT(6)
COMNN /GC/ DD(), R4k (3),R44(%), N, DEL,RR
COamaN /C\//CIpDS:A'vGorpXXFTM
CO mON sPART/ FX(Z),RH(Z) 1P (3 ,HPP(3),

SD(\Z»)!XIRIHP
CI~ESTON CERIVZY,IFXE(6)

COrPLEX H,F

144
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IF(IFXE(JPYLEQ,.0) GO TO 6
Pz1 441

RRzParH
XX=2ALQG(RR/DEL)
DI~X(JP)asR~R

CALL FVALCE,H,NCOMP)
EXX(JP)=CARS(E)
HX(JP)SCABS (H)
EXU(JP)Y=2REALCE)
EX1(JP)2aIMAG(E)
HXR(JP)=REAL (K
HXT(JPY=2AT AAGIH)
XXzX

GO YO 7

EXX({JP)=EC

HX(JP)aKZ
EXR(JPI=ECR
EX1¢JPY=EM]
HXR(JPY=HZER
HXT(JPYak?]

JPa JP+1

no 12 Jsi.n
IFCIFXE(JP)YEQ,2) GO TO 8
RHH(J)2PaR (J)
RKK({JISRHH (1) ZRHH ()
DIuX(JPYeRHHIJ) -RM(J)
CALL FVAL(E,H,NCOMP)
EXX(JP)eCARS(E)
HX(JP)YSCARS(H)
EXH(JPYeREAL(ED
EXT(JP)=ATHAG(E)
HXE(JPY2RrEAL (H)
HXT(JP)2Al0AG(H)
RHH(J)aRM(J)
RKr(J)aRr ()

GO TO 13

EXX¢JP)=sEC

HX(JP)3KHZ
EXI(JPY=ENR
EXI(JP)=F0]
HXR{JP)=rmZR
HX1(JP)YzrE]

JPz P+

IFtY EG.)Y GO TO 12
IFCIFXE(UPY L ED,2) GO TO 12
HEP(J)aspauP(J)
DO¢J)Y=2,#:4PP () /DEL
UL X (JPYeHpPP ) -HP ()
CAIL L FvALCE,H,NCOMP)
EXX(JPIzCAKS(E)

HX (JP)YsCARS (H)
EXR(JP)=REALLE)
EXT(UPY=a1~AG(E)

X CUP)YaREAL (H)

X (JPY=AT11AG(H)
HPP(JYaW ()
ND(JY=2,#HP(JY/DEL
GC T9 12

EXX (JPY=EC
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HX(JP)=HE
EXR(JIP)I=EOR
EXI(JP)I=ECT
HXR(JP)=rZR
HXT(JP)Y=rZ]
12 JP= P+
CD*TIWJE
CALL FINTIF (NB,NCOYF,DgRIV)
DO 19 JP£=1,NB

\Ji

19 NERIV(JPZ)3DERIV(JPZ)/YNORM
4 CO" YINUE
RETURN
ENN

SURRCUTINE FIFDIF (N#,HCOMP,DERIV)
CroanaannraoeatSURROUTINE FIND]IFoetanauatasdanstosnnannatsod
¢ THIS SUBROUTINE CALCULATES THE PARTIAL DERIVATIVES OF THE
C PARAMETERS USING FINITE CIFFERENCES

Cefpapiianiinagarisdtotitandidasotdstginegieaptspsponaundsians

COMMON /PD/ EX(6) ,HX(A),DINX(6), INX(S),EC,HZ,ECR,ECTI,HZR,HZ],
8EXW(6),EXI(6).HXR(6).HXI(6)
DImENSTON DERIVI(T7)
00 1 JP=z1,ANB
IFTuX(JPy,EQ. 2y GO TD 2
1825 FORMAT(3(2X,E14,8))
GO T0 &
8 IF(NCOMP,NEL21) GO TC 7
DERIVIJP)=(HXR(JP)~HZR)/DINX(JP)
GO TC 1
7 IF(NCOMP,ME,31) GO TC 1
DERIVIJP)S(HXTI(JP)=HZIY/DINX(JP)
GO TU 13
DERIV(JPI=Z, D
COMTINUE
RETURN
END

=N

SURRAUTINE FVAL (EC,R,NCOMP)
CovnopsnpeanoaestSUBROUTINE FVAL %enokaoscsanidtastpanodastatn
¢ Th1S SUBROJTINE CALCULATES THE FORWARD SOLUTION ON COMMAND FROM
C EMCALC USING LINEAR DIGITAL FILTER THEORY
C
CoranatonsupentsnedpsosocnVARIABLESssnvonascensetgnnannanttad
CHs CHEFFICIFE TS FOR CALCULATING THE Ji HANKEL TRANSFQRM
Yz AGCISSA YALUES FOR CH
CEs CHEFFICIE~T FOR CALCULATING THE Jpr HANKEL TRANSFORM
YFz ARCISSA VALUES FOR CALCULATING CE
StM= ZONVOLUTION SUM FOR HZ
SUEY1,SJEXYL,SUEY?,SUEXD2, ARE AS DEFINED ON PAGE 19 OF THESIS
SHEY1= CONvVOLUTION Sum FOR EVYI
SUFRX1e COnVLOUTION SUs FPOR XS
SUEYQ=z ZOvOLUTION SuUM FOR EX1
SUEXO= CO»voLueTION SUd FOR EXZ2
H1s CLOSED FOKM HWOMOGENCUS HALF-SPACE EXPRESSION FOR HE
m¥1= LOSED FORM EXXPRESSIOI! FOR A HOMOGENQUS WALF~SPACE
( X=COMPOLENT)

£Y4= oLOSED FORM EXPRESSION FOR A HOMQOGENOUS pALF-SPACE
(YalOMPOHENT)

EXa X«COMPONENT OF THE ELECTRIC FIELD FOR A LAYERED EARTH

aasEs e e BeNeNeEeNoNe Yol aNaNoXe!
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Eyas Y=COMPONESXT OF THE ELECTRIC FIELD FOR A LAYERED EARTH
FCz COMBINED ELECTRIC FIELD FOR A LAYERED EARTH
Fiz LAYERED EARTH CORRECTION FACTOR
Z4= LAYFRED EARTH CORRECTION FACTOR
Viz NORMALIZED FIRST LAYER PSEUDO WAVE NUMBER

ﬁ"&#“ﬁ‘OG.‘l#dl#"ﬁ#b“ﬂﬂ#“'G#G*ﬂGQG#QG###G&“QQ&QQQ#&{GGQ#.Q

COMMON /CV/ C1,DS,ANG,F,X,TH
COvMON /Q0/ DU(3),RK(3),RH(3),N,DEL,R
COMPLEX EX1,EXQ,CY1,EYQ,SUEX1,SUEXZ,SUEYL,SUEY®Z,EX,EY
COMPLEX “.Vl:Fl.SUM,Zi.ElnECpH1:01.02
DIMENSIONM YH(48),Cr(48),YE(61),CE(6L)
DATA
AYH/=4,5377316F 2,-4.3004731E 2,~-4.3702146E 1,-3.8399561F €,
«3,60396976F 2,-3.3794391E 2,-3.14918036F 3,-2.9189221E 2,
«2,6886636F B,-2.4584051F 7,-2.2281466E 2,-1,9978884EF ¢,
“1.7676296E 2,-4.5373711C 2,-1.3871126E 3,-1.07685%41E 2,
-8 ,4650563E-1,~-6.1633713FE~1,-3.8607863E~1,-1.5582013E~1,
7,4433369F~2, 3.2469687F~1, 5,3495537E~-1, 7.6524387E~1,
9,9547237E~1, 1.2297309E 7, 1.4559894F 7, 1.6862479E C,
1,5165764F @, 2.,1467649E 7, 2.37708234E @3, 2.6072819E @2,
2.,B375434E A, 3.2677989FE 9, 3.298B574E #, 3.5283159E ¢,
1,7585744F ¢, 5.9888329F 0, 4.2190914FE 2, 4.4493499¢ ¢,
4,6796784F @, 4.95298669E 2, 5.1401254E v, 5.,3703839E 2,
5,6@76424E ¢, S5,83A9029E 2, 6.0611594FE 0, 6.2914179E 2/
DATA
&CH/3.1212541E-6,

Po Qo Qo D Po Qe o Lo Do Co o

1,8822098E-5, 5.481954QE~5, 9.2891602E~6,

1.5523239E-4,
7.7342377E-4,
3,9247683E-3,
2.1938415E“?0
1,1775455E=1,
2,8259235E=-1,
'306%77766E“2|

3.5338744E~4,
1.7170685E~3,
9.21114685’31
3.,0853660E-2, 5.1973594F~2, 7.4661566E-2,
1,6353974E-1, 2.3127545FE~1, 2.7368461E-1,
1.2875842L-1,~1:5380437E-1,-4.5659951L~1,
4,2685683E~1,-2,1506075E~1,-2.36243120~2,

1.47982¢25-4,
1.6387239E-3,
1.2130467E-2,

3.,0344652E-5,
5,387p08578L-4,
4,5796508L-3,

8.9316746E-2,-7,4344203L-2, 4.8572965£-2,-3.0088872E-2,
1.,8R46544E-2,-1,21586876-2, 8.0708759€E~3,~5.4706275E~3,

1.7939426E-3,-1.2320277E~3,

$.7554624E-3,-2,59297U7E-3,
3077184@5["4:"1.5891835E‘4/

8,4795286E-4,-5,6749747L~4,
DATA

o Qo (o Qo D (o Jo Lo Qo Do Co

BYE/=5,3348046F ¢,-6.6245461F 2,-6,3742876E
~5,9137706E 2,-%5,6835121F @,-5.4532536E
-4,9927366F @.~4,7624781F 2,-4,5322196E
«4,07177226F ¢,-3,8414441F 7,-3.61118564E
~3,1576686E R2,=2,9204101F #,-2.6901516E
-2 ,2296346F 2,-1,9993761F 2,-1.7691176E

Co o Do Do Co £o Qo Qo o & Do Do Do Do Do

a,
%]
A
¢4,
G
B

~6,1440291€ 2,
-5,2229951t ¢,
-4,3019611E 2,
-3, 38P9271E €,
~2.4598931€ @€,
~-1.5388891E€ 2,

«1,30B6036F P,~1.2783421€ 7,-8.4808358E~1,~6.1782808E~-1,

«3,8756658E=1,
5,3346742E=1,
1.,4545014E 2,
2.3755354E @,
3,2965494E @,
412176@345 2
5,1386374E ¢,
£.2896714E 2,
£.98072%54E o/

-1.5730808F-1,
7.6372592E-1,
1.,6847599€E 2,
2.6987939% 7,
3.5268279C 0,
4.4478619E &,
5.3688959E 2,
6.28992%99E 2,

70295@416E52,
9.9398442E~1,
1.9150184€ 4,
218360524E ﬁl
J.7570864E 1,
4.457812084E o,
5.5991544E o,
6.5201684E o,

310326692E”11
1.2242429E 2,
2.1452769E @,
3.06631P9E @,
3,9873449E ¢,
4,9983789L €,
5.8294129E ¢,
6!7504469E ZD

DATA
&CE/7,3267937E~4,
8 3,5918326E-4,

1.3727237E~4,
70153@982E‘4:

7 05331222[{"4'
1 . 516%27”5-37

5,6826423L-4,
1.249226V8E-3,




Co Ox Qo (% Do Co Oc Do Qo O Qo Po Do OO

T-1700

1.3468317E~3/
SUEX1=CMPLX(2,2,2,7)
SUEY1sCHMPLX(2,2,2,49)
SUEX2=CHPLA(R,7,2,4)
SUEYZ=CMPLX(2,2,2.,0)
SUraCHMPLX(2,2,2.0)
BReEXP(X)
Cl=CHPLX(A,7,1.72)
C2agMPLXx(1,2,1.9)

C haaed i paodansoait it poaadannanednoranoy
CALCULATE THE FIRST ORDER PANKEL TRANSFORMS

Cudapaait ragiasadbttRonpaandennssedtdrssscnns

12

DO 8 J=1,48

YZEXP(=(X=-YH(J)))

CALL CALC(F1,Z1,V1,Y)
EX1aClevie(Zl~1)e2,avin(l-F1)/((Y+viaF1)al{YeV1))
SUEX12SUEX1+CH(J)YREX1

HzvYaYa#yqa(q1,-F1)

Hzd/{(y+viaFl)e(yevi))

SUrsSUMKCH(J) aH

CO-~TINUE

SUKY1=SyEX1

Hz(1/BB8)% Cle#DS«SIN(ANG)#SUM/(6,2831853+DELeDEL)
R2=2ReR
H1e3,=(3,+3,08C26RR+2 ., #4(C1883#a2)*CEXP(-C24808)
Hia(~C1eClaDS#DELeDELESIN(ANG)®HL)/(12,56637164R2%R2)
FORMAT(2(1X,E14.8))

Hzkei{d

[F(MODINCOMPL12) EQ.1) GO TD 6
SUMSCMPLX(u,.0,2,.0)

Cotttnad 1 paaatatonddonsasnitaltdasadsgainataon

CALCULLATE THE #EROTH QRDER HANKEL TRANSFORMS

Crinesdsnosditgssedddrantpattodtaentd®oopdirongutian

00 4 I=1.61
Yz XP(=(X=-YE(])))
CALL CALC(F1,Z1,V1.Y)

EYrzYe(Clavie(Z21-1,)+2,8Vie(1.~F1)/((Y+V1)e(Y+V1aF1)))

EX, 2(COSCANG) a2 /DEL)#EYU-(1/NEL) @2, 2#Y8V1a(q,-F1)/
El(YeViaF1)u(Yeyl))

SUFXAsSUEX +CE(])agE X2

SUFY 1 =SUEY+CE(])Yur YR

ECzClevieYa(z2l-1.,7/)/2.¢

ECzEC=Yav o (1. 2-F1)/¢C{Y+V1®F1)a(Y+V1))
SUveSU+CFE(1)eEC
FCaCleTMaraClenSaSy (2, 8ANG)#SUM/ (12.,.566371#0EL%EB)
Elzw 50+ (1+C2eBB)aCEXP(~C2eRA)
ELallelSeRm(1)aSIN(2.,2ANG)I*E1/(6,28318534R#R2)

1.2841617E~3, 2.2497985E-3, 2.1906186E~3, 3.4076782E~3
3.6321245E-3, 5,2376028E-3, 5,9212519E~3, 8.,1315877E-~3,
9,5527262E~3, 1,2728615t-2, 1,5305589E-2, 1.9941086E~-2,
2.4396626E-2, 3,1333652E-2, 3.8683065L-2, 4,9127993E-2,
6,3R24RMBE~D, 7.,6314344E-2, 9,3926346E-2, 1.15450827c-1,
1.386R663E~1, 1,62488478-1, 1.8114332F~1, 1.8424433F-1,
1.5556741E-1, 6,8592481E-2,-8,8339029€-2,-2.8819226E~1,
~3,5565260E-1,~-5,6288677E-2, 4,8186942E~1,~5.1516453€~2,
«2,61029R9E=1, 2,1416490E-1,-9,4490687E=2, 2.6196370¢-2,
«5,1297828E~4,~6,6L32948E-3, 7,5193619E-3,~6.,7854344F-3,
85,8744372E~3,-4,9354894E-3, 4,2323106E-3,-3.6733648E-3,
3,2266267E~3,~-2,8649137L-3, 2,567768Q0E~3,-2.3202655E~3,
2:1115187E-3,~1,9334662E-3, 1.7800248E~3,-1,6465436E~3,

140
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ECaE1+EC

EXa(CLeTVaFeClaDS/(1c.566371857))8(SUEXD-COS(2.#ANG)
&#SLEXL/K)

EYs(ClaT 1araClenS/(12.566371eBE))#SIN(2,eA/iG) @ (~SUEY1/R
R+SUEYA/(2.&DEL)Y)

EX13CI®DournH(1) 2 (S8COSCANG)882-2)+(1,+(1+C1)BB)®CEXP(-C24BE)
8)/(6,28313538RsR2)
EY123,#Rr(1)#CTeDS#SIH(ANG) #COS(ANG) /(6.2R3185358R#R2)
EXEX+EX]

EY=EY+EYL

IF(NCOMP ,GF . 1{,AND . NCOMP , LE,32) GO TC 7
IF(NCO“P,GF .47, AND , NCOMP.LE.67) GO TO 11
[F(NCIMP,GE .73, AND NCOMPLLE.93) GO TO 9

7 EC=EC
GO 10 g
11 EC=EYX
GO Tn &
9 EC=zEY
6 CONTIIUE
RET!'RN
END

SURRDUTI F CALC(F1,Z1,V1,Y)
R R 2 X R Ry N N kA A e e i R Ty
C SyUBROYTIVE CALC CALCULATES THE LAYFRED EARTH CORRECTYION FACTORS
C (F1 AND Z1) FOR UP TO 3 LAYLRSO:ossevontoncoandposness
COMmMNY /007 DUS)Y,RK(3),RH(3),N,DEL,R
COMPLEX vi WF1,Vv2,AEX, 21
Y2zyY®Y
T=2,8RK( )
V2aCs5auT(OMPLY (Y2, T))
00 9 LL=2,%4
IF(LL,GT,2) G7 TO 4
F1=CMPLX(1 ,Mae,. )
£12CMPLX(1,040.0)
4 =heml |L+]
No=NC])
F=2,8RK (1)
V1izCSARTUICMPLX(Y2,T))
AEX=(1,-CEXP(-v,iaDU) )/ (1. +CEXP(~-V1aDD))
Flos(V2eF1+v1®aAEX)/(V14V28F 1aaAFX)
fls(VZ*R4<I¢l)*21041n?H(I)“AEX)/(VL*RH(I)+V7#RH(I+1)oi1uAEx)
9 V2s\vy
RET IR 4
ENN
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