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PREFACE

The U.S. Environmental Protection Agency's (EPA) Environmental Monitcring
Systems Laboratory in Las Vegas has provided the funding for the research
effort described in the report. The mathematical model described in this
report of a magnetic anomaly for a steel-cased well indicates that an airborne
magnetic survey can theoretically locate abandoned wells. The EPA has enlisted
the help of the National Center for Groundwater Research at the University of
Oklahoma to identify areas around Oklahoma City where high-resolution aerial
magnetic surveys may be flown. The Environmental Monitoring Systems Laboratory
in Las Vegas has funded the U.S. Geological Survey (USGS) to perform these
field studies in 1983, and the results will be presented in a later USGS/EPA
report in 1984,

*Tpefcooperative effort between the EPA and the USGS is aimed at providing
local, state, and Federal agencies with the methodology to determine if aban-
dored wells exist in an area where the underground injection of wastes is
contemplated. Magnetometer surveys will likely be just one of several methods
that can be utilized in locating abandoned wells. The vecord searches con-
ducted by the National Center for Groundwater Research and the historical
photographic searches conducted by the EPA's Environmental Photographic Inter-
pretation Center may provide alternative approaches to the problem of locating
abandoned wells. An examination of the costs and benefits of the various
methods will be available from the EPA in 1984 after the USGS has completed the
field studies in Oklahoma.
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ABSTRACT

A preliminary study of the feasibility of using geophysical exploration
methods tc locate abandoned wells containing steel casing indicated that mag-
netic methods promise to be effective and that some electrical techniques might
be useful as auxiliary methods. Ground magnetic measurements made in the
vicinity of several known cased wills yielded total field anomalies with peak
values ranging from about 1,500 to 6,000 gammas. The anomalies measured on the
ground are very narrow and, coasidering noisz due to other cultural and geo-
logic sources, a line spacing on the order of 50 feet (15.2 m} would be neces-
sary to locate all casings in the test area.

The mathematical model used to represent a casing was a set of magnetic
pole pairs. By use of a nonlinear least squares curve-fitting (inversion)
program, model parimeters which characterize each test casing were determined.
The position and strength of Lhe uppermost poie was usually well resoived. The
‘parameters of lower poles wer2 not as well resolved but it appears that the
results are adequate for predicting the anomalies which would be observed at
aircraft altitudes. Modeling based on the parameters determined from the
ground data indicates that all of the test casings could be detected by air-
borne measurements made at heights of 150 to 200 feet {45.7-61.0 m) above the
ground, provided lines spaced as closely as 330 feet (100 m) were used and
provided noise due to other cultural and geologic sources is not very large.
Given the noise levels of currently available equipment and assuming very low
magnetic gradients due to geologic sources, the detection range for total field
measurenents is greater than that for measurements of the horizontal or ver-
tical gradient of the total intensity.

Electrical self-potential anomalies were found to be associated with most
of the casings where measurements were made. However, the anomalies tend to be
very narrow; and, in several cases, they are comparable in magnitude to other
small anomalies which are not directly associated with casings. Measurements
made with a terrain conductivity meter and slingram system were negative.
However, from other work it is known that electrical resistivity and induced
polarization measurements can be influenced significantly by the presence of
a casing.

It is cencluded that detailed ground magnetic surveys would be effective
in locating casings within relatively smail areas. It would be very costly to
cover large areas with ground surveys, but it appears that airborne surveys may
be a cost-effective means of locting wells when the search area is on the order
of a few square miles or more. Also, airborne methods could be used in soine
areas where access to the area on the ground is difficult or impossible.-

@
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This.report was submitted in partial fulfillment of interagercy agreenment
AD-14-F-2-A082 by '.S. Geological Survey under the partial sponsorship of the
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SECTION 1
INTRODUCTION

The Underground Injection Control Regulations (UIC), issued by the Envi-
ronmental Protection Agency, regulate injection wells for the protection of
actual or potential underground sources of drinking water as required by the
Safe Drinkiiig Water Act. One provision of the UIC regulations establishes a
radius of review around proposed new injection wells, based on the hydrogeo-
logic properties of the subsurface, within which a search must be made for
possible conduits, such as abandoned injeztion wells, from the injection stra-
tum to overlying aquifers containing potable water. Geophysical methods orig-
inally developed for resource exploration may offer assistance in carrying out
these regulations. The U.S. Environmental Protection Agency in an interagency
agreement with the U.S. Geological Survey sponsored a preliminary study of the
feasibility of using geophysical exploration methods to locate abandoned wells
. containing steel casing.

It was estimated in 1979 that there were some 500,000 municipal, indus-
trial, commercial, agricultural, and domestic wells in the U.S. injecting
fluids*below the surface, and that at least 5,000 new injection wells were
being constructed each year. Also, due to differential pressures, dormant
wells sometimes serve as conduits between aquifers containing brine or other
pollutants and fresh water aquifers. Location of existing wells is an impor-
tant task; it was estimated in 1979 that there were as many as 1,800,000 pro-
ducing, dormant, and abandoned wells in the United States. The problem pre-
sented by abandoned or unknown wells is especially acute in petroleum producing
regions where the total number of wells may reach densities as high as 2,000
per square mile. Particularly in the early days of petroleum production, the
locations of wells were not always recorded. Some recorded locations were
erroneous or described only in broad terms and many old records are not readily
available.

Throughout the history of petroleum production, steel casings have been
used in drilling almost all petroleum wells; and, until recently, steel casings
were used in most water wells. In some cases, all or part of the casing has
been removed from the well. Magnetometer surveys offer a means of locating
abandoned wells which contain steel casing near the surface. Magnetometers are
used to map perturbations in the Earth's magnetic field such as those caused by
buried ferromagnetic objects. A steel casing causes a relatively large dis-
turbance in the magnetic field at distances on the order of tens to hundreds
of feet from its end. Magnetometers can be operated in low flying aircraft
thereby offering a rapid means for magn%tic surveys of large areas.



Steel casings are very good conductors of electricity relative to the
surrounding: earth and rocks. Therefore, some of the electrical methods of
exploration geophysics show promise of being useful in locating casings.
Seismic me<hods appear to be only very marginally useful. Remote sensing
methods which employ microwave, infrared, or other high frequency electro-
magnetic radiation are likely to be useful in detecting disturbances of the
soil whicn mark a well site. .

STUDY OBJECTIVES

The primary objectives of the work described in this report were: 1) to
develop a mathematical model and reprasentative parameters from which the
magnetic field of a casing can be calculated and 2) to use this model to study
the feasibility of using airborne magnetic methods to locate well casings.
Secondary objectives were to investigate the feasibility of locating casings by
means of ground magnetic surveys, to make a preliminary study of the usefulness
of electrical methods, and to provide a brief discussion of the principles of
magnetic and electrical methods.



SECTION 2
MAGNETIC METHODS

MAGNETIC FIELD OF THE EARTH

The Earth possesses a magnetic field caused primarily by sources in the
core. The form of the field is roughly the same as wculd be caused by a dipole
or bar magnet located near the Earth's center and aligned subparallel to its
geographic axis. Near the equator, the magnetic field lines are directed
almost horizontally; but, over most of the conterminous United States, the
field is inclined at an angle greater than 60° with respect to the horizontal
(Fabiano et al., 1983). The direction of the horizontal projection of the
field lines (declination) ranges between about 20° east and 20° west of north
ovef post of the conterminous United States. The intensity of the Earth's
field is customarily expressed in S.I, units as nanoteslas or in an older unit,
the* gamma;” numerically one gamma (10“5 oersted) equals one nanotesla. Except
for local perturbations the intensity of the Earth's field varies between about
50,0?0 and 60,000 gammas over the conterminous states (Fabiano and Peddie,
1981).

Many rocks and minerals are weakly magnetic or magnetized by induction
ip the Earth's field and cause spatial perturbations or "anomalies" in the
Earth's main field. With some notable exceptions (Donovan et al., 1979),
sedimentary rocks, which characterize essentially all of the world's oil fields,
are usually so weakly magnetized that they can be ignored in ordinary magnetic
studies. Man-made objects containing iron or steel are often highly magnetized
and locally can cause large anomalies.

The intensity and direction of the Earth's field varies on time scales
ranging from thousands of years to 2 microsecond and shorter times. The very
stow or secular variations are due to changes in the core. Variations having
periods ranging from tens of years to about one second are caused by processes
in the magnetosphere and ionosphere; the ultimate source of these variations is
electromagnetic radiation and particles from the sun. At periods corresponding
to frequencies between about one hertz and several megahertz, most of the
enerqgy comes from lTightening strokes.

MAGNETOMETERS

The magnetometer is a sensitive instrument which can be used tc map spatial
variations in the Earth's magnetic field. Some magnetometers are highly portable
instruments which are operated manually., Other instruments are mounted in air-
craft or other vehicles and they produce a continuous recording as the vehicle
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moves. Currently, most measurements are made with one of three types of elec-
tronic magnetometers: the fluxgate, the proton precession, and the optically
pumped magnetometer. In the fluxgate magnetometer, the magnetic field is
sensed by the level of saturation it causes in a strip of special steel.
Inherently, the fluxgate magnetometer measures the strength of the component of
the field which is parallel to the strip or, so called, fluxgate. However,
fluxgate magnetometers have been adapted to measure the total intensity or
scaler field by vector summation of the fields measured by three orthogonal
sensors or by automatically and continuously orienting a single sensor so that
it is always parallel to the field lines. In the proton magnetometer, a mag-
netic field which is not parallel to the Earth's field is applied to a fluid
rich in protons causing them to partly align with this artificial field. When
the controlled field is removed, the protons precess toward realignment with
the Earth's field at a frequency which depends on the intensity of the Earth's
field. By measuring this precession frequency, the total intensity of the
field can be determined. The sensor for optically pumped magnetometers in-
cludes a cell filled with rubidium or cesium vapor or helium which is “"pumped”
by a light source; the principles of operation are more complex than for a
proton magnetometer. Like the proton magnetometer, the optically pumped magne-
tometer measures the total intensity of the field.

Total field magnetometers are generally faster and easier to use than
component or vector magnetometers; and, except fo~ very special purposes, all
“airborne survcys and most ground surveys are made with total field instruments.
The proton magnetometer is most commonly used. Optically pumped instruments
are sometimes used in high resolution airborne measurements and in gradient -
measurements where high sensitivity and continuous measurements are desired.
Currently, the primary use of fluxgate instruments is in measuring components
of the Earth's field and in operating in areas of extremely high gradients or
electrical noise, Hand-held fluxgate magnetometers are sometimes used for
measuring the vertical component of the field. The sensor is oriented by a
damped pendulum. Tripod-mounted fluxgate instruments are used for measuring
the inclination and declination of the Earth's field. By using this instrument
in conjunction with a portable proton ragnetometer, the components of the field
can be determined.

For some purposes a close approximation of the gradient of the field is
determined by measuring the difference in theé field between two closely spaced
sensors. In principle, the gradient of any component or of the total intensity
of the field can be measured in the vertical direction or ary horizontal
direction. In practice, the quantity measured most commonly is the vertical
gradient of the total field.

SURVEY TECHNIQUES

Ground magnetic measurements are usually made with portable instruments at
regular intervals along more or less straight and parallel lines which cover
the survey area. Often the interval between measurement locations (stations)
along the 1ines is less than the spacing between lines. Ordinary land survey-
ing methods are used to establish statiozs at which measurements are made; high
accuracy is rot usually required. Continuously recording instruments are
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sometimes mounted on trucks (Hildenbrand, 1982); measuremeats can be made along
road networks and in some areas where it is possible to drive off roads.

Most magnetic surveys are done from aircraft. Airborne measurements are
made along parallel flight lines which are normally spaced 1/8 mile (0.2 km) to
6 miles (9.7 km) or more apart. For some purposes, aeromagnetic surveys are
made at a fixed altitude above sea level; for other purposes they are flown at
a f'xed height above the surface. Usually the pilot navigates visually to fly
along lines drawn on maps or aerial photographs. A tracking camera or a video
camera and recorder is used to obtain a continuous visual record of the flight
path. The location of the aircraft is plotted at map locations where common
points on the map and on the tracking film are recognized; the magnetic data
are then adjusted to the flight path by assuming that the speed and direction
of the aircraft are corstant between identified locations. Errors in location
are on the order of several tens of feet at low altitudes and several hundreds
of feet or more at high altitude. \here flights are over featureless terrain
or water, the flight path cannot be recovered at all using the photographic
method. Doppler radar, VLF, Loran-C, and inertial navigation systems are
sometimes used for pilot quidance or to supplement photographic recovery of the
flight path. Their use improves the accuracy of the flight path determination;
but, in general, does not provide the degree of accuracy needed for purposes
such as the location of abandoned wells. Microwave navigation systems can
provide locations accurate to several meters or better. These systems employ
two or more transponders placed at accurately surveyed sites. Position is then
determined by a transceiver and computer on the aircraft which determines the
range to each transponder. The chief disadvantage of these systems is that a
line-of-site path between the aircraft ana at least two transponders is re-
quired at all times. Height of the aircraft is usually measured with a radar
altimeter.

To make accurate anomaly maps, temporal changes in the Earth's field dur-
ing the period of the survey must be considered. HNormal changes during a day,
sometimes called diurnal drift, are a few tens of gammas but changes of hun-
dreds or thousands of gammas may occur over a few hours during magnetic storms.
During severe magnetic storms, which occur infrequently, magnetic surveys
should not be made. There are a number of methods of correcting surveys for
temporal variations. For ground surveyc, cne method is to establish a base or
reference station in the survey area and to repeat measurements at this base at
frequent intervals. All of the measurements at field stations are then cor-
rected by assuming a linear change of the field during the time interval be-
tween repeat base station readings. This method works well provided the field
is relatively quiet. 1In airborne surveying, the traditional method is to fly
“tie" lines across the rows of parallel flight lines during a quiet period.
Intersections of the regular flight lines with the tie lines are determined and
the difference in intensity between the two sets of measurements is calculated.
The results are thon adjusted by linear interpolation of the data along flight
lines between tie lines so that the flight line data fit the tie line data.
Sometimes continuously recording magnetometers are used at fixed base sites to
monitor temporal changes. If time is accurately recorded at both base sitz and
field location, the field data can be corrected by subtraztion of the varia-
tions at the bhase site. This method works very well for surveys of small
areas, provided the base site is in or near the area. It does not work well
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for surveys of large areas since, over a large area, tempora) variations vary
spatially in an unpredictable manner.

Intense fields from man-made electromagnetic sources can be a problem in
magnetic surveys. Most magnetometers are designed to operate in fairly intense
60 hertz and radiofrequency fields. However, extremely low frequency fields
- caused by equipment using direct current or the switching of large alternating
currents can be a problem. Pipelines carrying direct current for cathodic
protection can be particularly troublesome. Hith great care, particularly in
accurate datermination of the flight path, significant airborne anomalies on
the order of one gamma or less can be mapped in areas of very gentle magnetic
expression. Although some modern ground magnetometers have a sensitivity of
0.1 gamma, sources of cultural and geologic noise usually prevent full use of
this sensitivity in ground measurements.

After all corrections have been made, magnetic survey data are usually
displayed as individual profiles or as contour maps. Geologic interpretation
of macnetic anomalies is carried out by comparison with theoretical anomalies
calculated for idealized geologic models, comparison with anomalies over known
geoloqgic features, and from constraints provided by other geophysical and geo-
logical results in the area. Identification of anomalies caused by cuitural
features, .such as railroads, pipelines, and bridges is commonly made using
field obseryations and maps showing such features. There are no well-estab-
1ishiEd analytical procedures to follow for identification and location of such
feature$. However, in many respects the problem of locating abandoned wells is
much simpler than the interpretation of most geologic features. Anomalies due
to wells are probably all very similar. Also, the objective is simply to
detect the anomaly and to identify its source as being a casing and not to
determine additional paramcters of the well.

S )
For more information en the principles of the magnetic method and survey
techniques, the reader may wish to consult some of the many papers and text-
books (for example, Hood et al., 1372; Nettleton, 1976; Telford et al., 1976;
or Parasnis, 1975) on the subject.



SECTION 3
APPLICATION OF MAGNETIC METHODS TO ABANDONED-WELL PROBLEM

MAGHETIC PARAMETERS

The feasibility of locating abandoned wells with magn2tic methods might be
established empirically by making measurments over known wells using all of the
promising airborne and surface techniques. This would be an inefficient ap-
proach so a combination of field measurements and numerical modeling are being
used to study the general problem, Field surveys previde data from which the
magnetic parameters of casings can be determined. Once the parameters are
established, numerical mcdeling provides a relatively fast and inexpensive
method for simulating the anomaly for any type of survey. For example, by
modeling it is possible to design and evaluate the potential usefulness of an
airborne survey in discovering abandoned wells prior to having flown such a
survey. s

Few measurements of the magnetic fields around well casings have been
published. Barret (1931) published some results and referred to other unpub-
lished measurements. Van Weelden (1933) gave an analysis and summary of a
number of measurements. Both authors were concerned with the question of
whether or not a group of casings could cause the overall magnetic minima which
has been observed over a number cf oilfields around 1930.

The magnetization of a steel pipe consists of two components, induced and
permanent. The induced magnetization depends on the intensity of the Earth's
field, the magnetic permeability of the pipe, and the attitude of the pipe with
respect to the Earth's field. The permanent magretization depends on the
abilicvy of the pipe to retain a permanent field, and on the magnetic fields
and the mechanical and thermal effects to which the pipe has been exposed.
Ideally, one might hope to calculate the induced component. However, this
calculation is not easy (Lam, 1977) since analytical solutions do not exist and
one would have to resort to numerical methods. Furthermore, there is consider-
able uncertainty in determining the effective magnetic permeability of a steel
nipe given the effect of joints, other flaws, and stresses. With these prob-
lems in mind, we decided to characterize the magnetization of steel well cas-
ings using actual measurements without trying to distinguish between induced
and permanent magnetization.

A number of different mathematica) models could be used to represent a
magnetized casing. The component of magnetization transverse to the pipe could
be represented as a line of transvers2 dipoles. However, considering the
relatively small diameter of the pipe, the moment of these dipoles would be
very small due to demagnetization. Theref8re, the transverse component is of
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little interest and, for our present purpose, only the magnetization along the
axis of the pipe need be considered. This axial magnetization could be repre-
sented by a continuous distribution of infinitesimal magnetic dipoles. However,
a finite number of dipoles or pole pairs is adequate to represent the field at
any appreciable distance from the casing. From the papers by Rarret and Van
Weelden, it appeared that, to a good first approximation, a casing can be repre-
sented by a single pair of poles. This observation plus the simplicity of the
model led us to use sets of pole pairs to represent a casing. Barret gave an
equation for calculating the pole strength. However, this equation does not
account for the demagnetization effect which occurs at surfaces of highly
permeable bodies. Van Weelden discussed some of the assumptions which have

been made about the location of the poles in a bar of magnetic material and gave
an equation for the calculation of the vertical field of a casing using an
empirically established constant. Our approach is similar except that we have
made the problem more general by the use of computer curve-fitting or inversion
methods to determine the model parameters from field data.

MATHEMATICAL MODEL
We will use a right-handed Cartesian coordinate system with the z-axis
positive upwards and the x-axis positive south. Definitions of the symbols
used are as follows:
B - magnetic field vector,
Bx» By, B, - magnetic field components,
F - total magnetic field intensity,
H - horizontal magnetic field,
m - monopole strength,
X,¥,Z - spatial coordinates,
X{,Yi»Zj - position of a pole m,

r; (x-xj, y-yj, or z-z;) - j~th component of the vector from pole m;
to the point of observation,

r= [(x-xi)2 + (y-yf)z + (z-zi)z}lfz - magnitude of the vector from
a pole to the point of observation,
g - the angle between the horizontal plane and the casing,

the angle between the horizontal projection of the casing and
the x-axis; this is the usual & in spherical coordinates,

uo - the magnetic permeability of free space.



The components of the magnetic field and some of the derivatives due to a

single pole are: .
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More generally, these expressions can be written as
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The fieid caused by the second pole of a pair is given by the same
expressions using the opposite sign for the pole strength. After summation
over all pairs of poles, the horizontal, H, and total, F, fields are given by

e o4
1]

(82 + B2)1/2
x Y

-n
1

(82 + B2 + g2)1/2 (3)
X oy z

The three spatial derivatfves of F are calculated as

of N -1 3 3By .
— = F 2=: Bk K—: J-1a2y3 . (4)

axi .k 1 j

The absolute position of one pole in each casing is given by the coordinates
(xj, ¥i» zs). Then all other pole positions in a casing are calculated
according to the relation

x! = 0+ L (2, 8, ¢)

where

X0 = (x5, ¥i» 2Zj)

5} = the position of another pole a distance & from the first pole along
a casing oriented in the (g, ¢) direction. The components of L
(2, 8, ¢) are:

Ly = & cos g cos §

Ly = £ cos B sin ¢ )

L, = &sing

To simulate realistic magnetic data, nonzzro values for the Earth's mag-
netic field components must be entered into the problem. In the forward prob-
lem, the components are simply addad at each point within the region of interest
to the corresponding compcnent of the anomalous field. In the inverse problem,
the Earth's field components are treated as parameters to be determined by the
nonlinear least squares procedure.

Since the coordinates have been set up in the conventional sense, with

the unit vector x pointing from north to south, the unit vector y pointing from
west to east, and the unit vector z pointing up, care must be taken when
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entering geomagnetic values that were specified within the usual geomagnetic
coordinate system. The transformation is straightforward:

Bx = -X
By = ¥
Bz = ‘Z

where X, Y, and Z are the field values in geomagnetic coordinates. Details of
the computer programs developed are given in the appendix.

FIELD MEASUREMENTS

To obtain representative data which could be used for analysis of the
detection problem and the design of airborne surveys, measurements were made
near a number of wells in two oii fields near Denver. The first field (figure
1) is east of Denver and contains a numbdar of producing, dry, and abandenad
wells which were drilled during the 1970's. The contours on figure 1 are
valudsgof total intensity with an arbitrary datum subtracted and are taken from
an aercomagnetic map (Petty et al., 1966). It should be noted that the oil
fied is located in a region of fairly gradual magnetic variations. The second
field {figure 2) is north of Denver near Boulder and contains many abandoned
and a few producing wells., Development of this field began around the turn of
the rcentury. Records on the wells are incomplete but the magnetic data are
still useful. Relevant -information regarding the wells where we have records
is summarized in table 1.

In general, measurements were made along four radial lines, originating at
each well, in the magnetic north, south, east, and west directions. Measure-
ments were made directly above the well, at 5 feet (1.5 m) from the well anrd
then at 10 foot (3.05 m) intervals out to 100 feet (30.5 m) 20 foot (6.1 m)
intervals to 200 feet {61 m) and 50 foot (15.2 m) intervals to a maximum dis-
tance of 700-800 feet (213-244 m) along each line. Total magnetic field
measurements were made with proton magnetometers, one with a sensitivity of one
gamma and another with a sensitivity of 0.1 gamma. Up to four readirgs were
taken at each station. Obviously poor readings were rejected and the remaining
were averaged. In general, there was little scatter ameng readings except very
near the well where the magnetic gradient was high. Repeat readings were made
at a base station near each well, and the results were used t¢ coirect the
profile cata for diurnal drift. At most sites, a continuous recording proton
magnetometer was used to ensure that data were not taken during magnetic storms
and to provide additional information for diurnal drift corrections.

The results were all obtained with the sensor placad 8.25 fe=t (2.51 m)
above the Earth's surface. Before making any readings, all visible steel
objects such as discarded oil drums, valves, or pipes, were removed from the
immediate vicinity of the traverses. In some cases, the traverses were near or
over steel objects which were partially buried and could not be readily removed.
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TABLE 1. LOCATIONS AND CASING INFORMATION FOR WELLS STUDIED
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Experimental gradiometer measurements were also made; for this purpose a
special nonferrous staff was used to rold two sensors at a fixed separation. A
switch between the magnetometer (0.1 gamme sensitivity) and the sensors made it
possible to alternate between sensors for successive readings to determine the
difference in field between them. Vert-scal gradient measurements were made at
wells number 14 and 16 using a 6.6 foot (2.0 m) separation between sensors with
the lower sensor about 4.9 feet (1.5 m) above the ground. Horizontal gradient
measurements were made at the same stations with the sensors about 4.9 feet
(1.5 m) above the ground and with a horizontal separation of 6.6 feet (2.0 m).

The inclination of the Earth's field was measured at a number of stations
near well number 7 using a "D-1" fluxgate magnetometer. The height of the
sensor was about 5.0 fzet (1.52 m). Declination was not measured due to the
time required to establish an accurate azimuth reference. Total field measure-
ments were made at the same stations and heights so that vertical and hori-
zontal components of the field could be calculated.

A1l of the magnetic data were processed and plotted usirg a2 microcomputer
and programs which were modified for this purpose.

QUARITATIVE ANALYSIS OF RESULTS
"™ In general, the field results confirm the validity of the mathematical
model. A1l of the known casings procuce sharp positive anomalies in the total
field indicating that they are magnetized along the axis ef the casing, as
expected. According to the mathematical model, with directions measured from
magnetic north, the east-west profiles over or near a well should be symmetric
and the north-south profiles should be asymmetric with a low on the north side.
sThe reason for the asymmetry in the north-south direction is that on the north
side, the horizontal field of the upper pole opposes the horizontal component
of the Earth's field whereas on the south side these two horizontal fields are
additive. Most of the field results (figures 3-38) show this pattern.

The peak amplituda of the total fielc anomalies ranges from about 1,500
to 6,000 gammas. Since the depth to the upper end of a well casing is unknown,
except for those wells which extend above the sirface, and since accurate
measurements directly over the well are hard to cbtain because of the steep
gradients present, it is difficult to assass actual variations in magnetization
among wells directly from field measurements.

The form of the gradient curves (figures 39-46) is roughly as expected.
Profiles of horizontal gradient are asymmetric about the casing. East-wost
profiles of vertical gradient are symmetric about the casing but north-south

profiles of vertical gradient are somewhat asymmetrical due to the asymmetry of
total field profiles in this direction.

Unlike the total field, the vertical component of the field is symmetric
about the casing in all directions (figures 47-50). The horizontal component
is asymmetric in the north-south direction. 1If half of the anomaly were re-
versed, ine two helves wouid nearly ue mirror images for well number 7. Near
the casing, a small anomaly was observed in the east-west profile of the
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horizontal component. This indicates that the profile was located slicutly
south of the true east-west line directly over the casing.

At most sites, the main anomaly due to the well is distorted by separate
small anomalies which must be due to concealed steel objects. As expected,
the gradient measurements are more affected than the total field measurements.
These small anomalies seem to be concentrated near the wells as one would
expect. K. H. Johnston, et al., (1973) have written a very interesting manual
on how to locate abandoned wells using such miscellaneous discarded metal
objects as clues. However, they relied on the use of electromagnetic metal
detectors and other techiniques rather than magnetometers. Given the existing
data, none of the anomalies studied by these authors could be mistaken for the
anomaly due to the well itself. However, if one were searching for unknown
wells for our study areas using a rather loose grid, some of these anomalies
would be identified as possibly being caused by casings. Detailed measurements
vwould be required to avoid such aliasing and to permit more positive identifi-~
cation of casing anomalies. The gradual changes in the total field which occur
along the profiles away from the wells are probably due mostly to sources in
the crystalline basement rocks at considerable depth. Some small changes were
ooserved which may be due to slight magnetization of the near-surface rocks.
Gradual variations are not a limitation in the use of ground magnetic surveys
because the variations due to extraneous man-made objacts are larger. However,
variations associated with geologic sources may be a serious source of noise in
airborne total field surveys. Such geologic noise is probably a less serious
problem in airborne gradient surveys.

For the test areas described, a fairly tight grid would be necessary to
make the.probability of missing a well very small using ground measurements.
Total field measurements made at 25- or 30-foot (7.6-9.1 m) intervals along
lines spaced 50 feet apart would probably be adequate for most cases. Even
with this type of grid, it would probably be necessary to make a considerable
number of other detailed measurements to distinguish between anomalies due to
well casings and anomalies due to extraneous sources; however, the lTatter may
serve as a guide to the presence of a necarby well.

From the limited number of measurments made, it appears that in locating
wells there is no advantage in measuring qQradients. In some cases, the width
of the zone where the anomaly is large endugh to be easily reccgnized is larger
for gradient than for total field measurements; and, in some cases, it is
smaller. However, there is a small zone near the center of gradient anomalies
where the sign of the anomaly changes or is near zero. Considering the fact
that a grid point could tall in this zone, the grid for ground gradient measure-
ments should be even finer than the grid for total field measurements.

From a theoretical standpoint, there are advantages in measuring compon-
ents of the field, particularly if the objective is to determine the parameters
of casings. However, from a practical standpoint, it is more cost-effective to
measure the total fieid on a fine grid than to measure vertical and horizontal
components on a somewhat coarser grid. Consideration might be given to measur-
ing the vertical component only using a self leveling fluxgate magnetcmeter.

e
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INVERSION OF FIELD DATA

Using the pole pair model and the nonlinear least squares fitting programs
described in appendix I, parameters for all of the wells listed in table 1 were
found. Profiles comparing the actual data (circles) with the computed data
(solid line) are shown in figures 51-86 and the pole parameters which were
found are listed in table 2. For several wells, very good computer fits were
obtained using only a single pole pair. For other wells a somewhat better fit
was obtained using two pole pairs rather than one to represent the casing.
Models with two or more separate sets of poles (casings) were used to fit some
of the data where the anomaly due to the casing is distorted by anomalies from
other sources.

To make the nonlinear least squares algorithm function properly for this
kind of data, the "tuning" parameter, V(42), was set equal to zero. Also it
was usually necessary to constrain or to fix at 90° the angle g which gives the
inclination of the well from the horizontal. This is not an unreascnabie
constraint because wells are not likely to deviate much from vertical in the
upper few hundred feet where both poles are usually found. In models where two
casings were assumed, B was not set 90° for the second casing; in some cases 8
was found to be near zero for the second source, indicating that it is a nearly
horizontal length of pipe or similar object.

The components of the Earth's field are unknown parameters in the program.
However, Y was set to zero since measurements were along lines approximately
parallel or perpendicular to the horizontal component of the Earth's field.
Values of X and Z appropriate to the area were entered as starting values. In
some cases, the values of X and Z determined by computer fitting seemed satis-
factory in that their ratio deviated little from the initial values assumed.
However, in other cases, their ratio changed enocugh so that the inclination of
the field was changed by a few degrees. Although inclination was measured at
only one site, we know that, except locally near a well, inclination is un-
likely to change much over the study areas. Consequently, for wells where the
initial computed inclination varied by more than about 0.5° from the regional
values, the regioral total field was obtained from a good fit to the flanks of
the profile with X and Z free to vary. Then X and Z, as computed from this
total field and the regional value for the inclination, were fixed in obtaining
the final solution.

In general, the depth to the upper pole and the separation between pole
pairs was not censtrained. However, the separation was fixed or bounded in a
few cases where the depth to the second pole exceeded the known desth to the
bottom of the casing or where the sign of 2 was negative thereby placing an
apparent pole in the air. For secondary sources, £ was allowed to be negative.

It must be noted that distances can be given in either feet..or meters in
the program provided proper numerical values for the pole strength, m, are
used. Field measurements were made in feet and were used as such in the
inversion program. The pole strengths given here are in hybrid units; they
must be divided by 1076.4 to obtain the recsults in SI units. If distances are
entered in meters, the pole strengths must be divided by 100 to obtain SI
units.
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TABLE 2. PARAMETERS FOUND>BY INVERSION
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Although measurements were made to distances of 700 (213 m) or 800 (244 m)
feet from the well along most lines, data beyond 400 feet (122 m) from the
wells were not used in inversion. The use of data from greater distances does
not add significant information and, if noisy, can degradate the inversion
process.

Visual inspection of figures 51-86 indicates that the casing anomalies can
be fit quite well using the pole-pair model. Attempts to fit other anomalies
due to other miscellaneous scurces were often fairly successful; for example,
consider the east-west profile for well number 2 or the north-south profile for
well number 11. However, no attempt was made to fit all of the distortions of
the casing anomaly or all of the separate small anomalies. Wells number 15 N
and number 15 S are extreme examples in which the north-south profiles show
much distortion of the main casing anomalies and the east-west profiles are
almost undistorted.

Although the visual correspondence between the observed and model data is
good, the question naturally arises as to how well the parameters are actually
resolved. In nonlinear least squares curve fitting, estimates of the errors in
the parameters are obtained using linear statistics. Such estimates can be
very useful if employed with caution; the numbers can be used to compare the
relative errors among the parameters but a single error estimate is not
necessariily very accurate. In the version of the NLSOL program used in this

_study (Anderson, 1982), a correlation matrix as well as estimates for the
parameters are computed provided the covariance matrix is positively definite.
It must be noted that the occurrence of a nonpositive definite covariance
matrix does not imply that the parameters are not well defined.

The data for well number 10 appear to be only slightly affected by sources
other than the casing. The estimated errors in the parameters are quite small
(table 3); the largest percent error (15.47) is in the determination of 2, the
separation between poles. The data for welil number 14 contain a much larger
amount of noise due to sources other than the casing. The estimated errors
(table 4) are much larger than those for well number 10, For example, the
error in & for the first pole pair is 60.5% even though £ is much smaller for
well number 14 than for well number 10 and consequently should, from this
standpoint, be better resolved. Also, the root mean square {rms) error between
observed and calculated curves is larger for well number 14 than for well
number 10.

Study of the correlation matrix can provide useful information on the
relationships between parameters. For example, if two parameters are highly
correlated it is difficult to obtain accurate independent estimates of both
parameters. Usually, the correlation between parameters 3 and 6 is high; this
is because these are the two most important parameters in determining the
magnitude of the anomaly. For instance, if in fitting the data, the dapth to
the first pole is changed to provide a better fit to the shape of the curve,
then the pole strength must change to keep the magnitude of the anomaly correct.

Another way of assessing how well parameters are resolved is to compare
the resuits of unconstrained inversions with results obtained in which one or
more parameters are fixed. The data for®well number 6 (Table 5) were inverted
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TABLE 5, EFFECT OF FIXING PARAMETERS FOR WELL NUMBER 6

Uncon-

strained P=73 P=173 13=-14.6 77=10.6 7;=10.6
Pole strength -686,597 -726,640 -673,441 -855,514 528,619 523,895
North ’
coardinate -2.99 -3.01 -2.99 -3.11 -2.88 -2.88
East

coordinate 0.82 .82 . .81 .86 .78 .79

Depth to pole -12.62 ~12.94 -12.51 -14,60* 10.60* 10.60*
Separation
between poles 122.96 73.00* 173.00* 123.00*  123.00* 36.78
RMS error 21.85 26.18 22.71 68.07 82.61 78.07

* Fixed parameters

é.

with the separation & fixed at 73 feet (22 m) and 173 feet (53 m); & was found
to be 123 feet (37 m) when it was unconstrained. From table 4 it is seen that
the rms error between observed and calculated data is not much larger for

g2 = 73 feet (22 m) than for & = 123 feet (37 m). However, the rms error is
significantly different for 2 = 73 fect (22 m) than for 2 = 123 feet (37 m) and
visually there is a sigrificant difference in the quality of the fits (figures
62-63 and 85-86). From such studies, one might say that £ is resolved with an
accuracy of about -10% to 40%. In fixing & at 73 or 173 feet (22 or 53 m), the
pole strength changed by a few percent and the depth to the first pole changed
slightly. In another experiment, 2 was fixed at 123 feet (37 m) and the depth
Z was fixed at -10.6 and -14.6 feet (-3.2 and -4.5 m). 1In both cases, the rms
error is more than triple that for the unconstrained case; the pole strength
charges by about 25% and visually the fit is not very good (figure 87-388).

When the depth to the first pole was fixed, but the separation was uncon-
strained, a slightly better fit was obtained.

It is concluded that, for most of the walls studied, the parameters are
sufficiently well resolved to be used in predicting the response of those wells
at airborne survey altitudes. Actual variations in parameters between wells
probably are greater than the errors in the estimates of the parameters.

A1l of the casing and other pipe in wells number 1-11 are of the same
type. Therefore, one might expect te find for these wells a correlation be-
tvieen the amount of pip2 in the hole (table 1) and the pole strength and separa-
tion between poles (table 2). Howecver, there is no clear correlation between
the amount of pipe and the parameters. It appears that neither the presence of
the inner casing nor the variations in length of the surface casing have much
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affect on the parameters, This suggests that remanent magnetization or o.her
unpredictable parameters are most important in determining the magnetization of
a casing.

MODELLING AND DESIGN OF AIRBORNE SURVEYS

Using the paremeters listed in table 2, results expected from airborne
surveys were calculated Tor wells number 4, 5, 6 and 12. Hell number 4 is one
of the most strongly magnetized and well number 5 is one of the most weakly
magnetized of those studied. Well number 6 has typical parameters and the field
data are relativelly free from noise. The interpreted pole separation for the
vertical casing at well number 12 is only 10.1 feet (3.1 m). Results for all
of these weils were plotted in profile form, and results for well number 4 were
also plotted as contour maps. To generate the contour maps, the field was
calculated along many parallel profiles, the minimum value for the data set was
subtracted from the data, and logjg of the result was taken to permit display of
the flanks of the anomaly without too much crowding of contours near the peak.

Individual contours on figures 89-91 are approximately circular in form;
the center of the circle tends to move southward as the circle becomes larger.
The small low in the north cide of the casing is clearly seen in the results
for 150 feet (45.7 m) (figure 89). The principal effect of varying the aircraft
altitude is to decrease the peak amplitude and to broaden the anomaly. On the
flanks of the curves, the two effects tend to cancel each other. For example,
on the maps for altitudes of 200 and 250 feet (61 and 76 m), the contours be-
tween 0.3 and 0.6 occur at almost exactly the same points along an east-west
line through the well. Similarly, there are regions where contours on the two
maps taken along a north-south line through the well are nearly the same value.

From examination of the profiles for well number 4 (figures 92-99), it is
apparent that the magnitude of the low on the north side of the well increases
relative to the main high as the altitude increases. For an altitude of 200
feet (61 m), the amnlitude of the anomaly for well number 4 is about four times
as large as the anomaly for well number 5 (figures 100-103) and nearly three
times as large as the anomaly for well number 6 (figures 104-106). The shapes
of the anomalies .are similar except that the low on the north side of the well
is not as pronounced for well number 4 as for the other two.

The pole strength for well number 12 is the highest that was determined
for any well, but the short spacing between poles causes the anomaly to atten-
uate rapidly with height (figures 107-110} so that at an altitude of 150 feet
(45.7 m) the anomaly is about the same as that for well number 5; and, at
greater altitudes, it is smaller. The model parameters for the subsidiary
anomaly at well number 12 were included in the airborne modeling. As a result,
a small secondary anomaly is observed, particularly in the profiles for alti-
tudes of 100 and 150 feet (30.5 and 45.7 m).

Vertical and horizontal gradients of the total field were calculated to
investigate the feasibility of using an airborne gradiometer. The contour map
of the vertical gradient over a casing (figure 111) has a similar "Bullseye" to
that of the total field (figure 90). A map of the horizontal gradient taken in
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the north-south direction has a low and a high of nearly the same shape and
nearly equal amplitudes (figure 112). A map of the horizontal gradient taken
in the east-west direction shows a low and a high (figure 113) which are
antisymetrical about a north-south line through the casing. The width of the
vertical gradient anomaly is somewhat less than the total width of the hori-
zontal gradient anomaly.

As expected, the gradient anomalies are much smaller and slightly narrower
for well number 5 (figures 121-124) and especially for well number 12 (figures
125-132) than for well number 4 (figures 114-120). The existence of a second
small anomaly is apparent in the profile at a 150 foot (45.7 m) altitude for
well number 12 but can scarcely be discerned in the profile for a 250 foot
(76.2 m) altitude.

To the extent that the wells studies in this report have typical magnetic
properties and that the parameters found by inversion are reasonably accurate,
the model results discussed above should be very valuable in designing airborne
surveys for locating abandoned wells. In designing a survey, one would like to
know, in addition to the expected anomalies, the noise level or errors in the
magnetic readings and navigation, magnetic variations due to geologic scurces
and cultU(a1 features, and the density of wells in the area to be flown.

LN

By ﬂhghetic compensation of the aircraft and by recording and correcting
for the motions of the aircraft, the noise level of an airborne system can be
reduced to about 0.2 gamma or better for the total field as measured by sensors
mounted in wing-tippods or tail stingers. The noise level of the difference in
signals between two sensors can be 0.2 gamma or less depending on where the
sensors are located. Considaring the separations between sensors, noise levels
of about 0.007 gamma/fcet (0.023 gemma/m) or better in the horizontai diraction
and 0.003 gamma/feet (0.0098 ganma/m) or better in the vertical direction can
be adhieved. '

An educated gquess about anomalies due to geologic sources can be made if
surface and subsurface geologic information is available. However, the only
way to obtain quantitative information on either geologic or cultural sources
is to make magnetic measurements at the study sites.

If the density of wells in an area is very high, it may be difficult to
identify individual wells using airborne surveys. Use of a small spacing
between lines will of course help to resolve anomalies due to individual wells.
Calculations of the total field were made for two identical wells separated by
200, 300, and 400 feet (61.0, 91.5, 122 m). Parameters of the wells were:

m = 1,000,000, z7 = -20, 2 = 100 and 8 = 90°, From the results it is apparent
(figures 133-136} that the resolution at altitudes of 150 and 200 feet (47.7
and 61 m) is rather poor. Of course, even if individual peaks due to the two
casings are not recognized, the width and shape of the composite anomaly differ
from the anomaly cgused by a single casing. If, for instance, the density of
veils were 2000/mi<¢, as mentioned in the introduction, the average spacing
between wells would be only about 118 feet. 1In such an area, an airborne
survey would have to be made at a height of 50 feet (15.2 m) or less with a
1ine spacing on the order of 50 feet (15.2 m) or less tc be able to resolve
most of the individual anomalies. If the density of wells is extremely hich
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and all wells must be identified and located, it might be much more practical
to use ground measurements rather than airborne measurements. Of course, if
the density of wells is extremely high, it may not be necessary to identify
separately all of the wells in the cluster.

If the density of wells in an area is low, the primary concern in design
of an airborne survey is to be sure that one or two of the lines passes near
envugh to the well that an identifiabla anomaly is obtained. The worst case is
when adjacent lines intersect either side of an anomaly at the same level of
intensity or gradient. In the absence of geoiogic sources and cultural sources
other than casings, one might define an identifiable anomaly to be twice the
maximum noise excursions. To illustrate the design of a survey using the
results of this study, we will assume that the smallest identifiable total
field anomaly is about five times the expected noise level, or one gamma, and
that the smallest identifiable gradient is about five times the expected noise
Yevel, or 0.03 gamma/foot (0.098 gamma/m) for horizontal gradients and 0.015
gamma/foot (0.049 gamma/m) for vertical gradients. These assumptions allow for
the presence of "noise” due to geologic and cultural sources.

Total field anomalies are slightly broadar in the east-west directior than
in the north-south direction. Also, magnetometer system noise is likely to be
slightly less on north-south lines than on east-west lines. Therefore, there
is a small advantage in flying total field surveys in a north-south rather than
an east-west direction.

7o find well number 5 using a total field survey and assuming the worst
case, figures 100-103 can be used to estimate that the spacing must be about
480 feet (146 m) for an altitude of 150 or 200 feet (45.7 or 61.0 m). lnder
the same conditions, the line spacing to find well number 12 would be about 330
feet (101 m) &nd to find well number 4 it would be about 900 feet (274 m).

Because of the zero line in the horizontal gradients near the well, a
single component gradiometer measuring dF/dx along east-west lines or one
measuring dF/dy along north-south lines would miss detecting the well if the
line passed aimost directly over the well. However, commercially used hori-
zontal gradiometer systems measure the intensity and direction of the total
horizontal gradient <u the zero line in one component would not be a problem
for such a system. If two horizontal gradients or the total horizontal gra-
dient are measured, the line spacing can be considerably larger than if only
the vertical gradient is measured. To find well number 12 using the vertical
gradient, the line spacing must be about 220 feet (67 m) for altitudes of 150
and 200 feet (45.7 or 61.0 m). To find well number 12 using horizontal gra-
dients, a line spacing of about 300 feet (91.3 m) could be used for an altitude
of 150 feet (45.7 m) but at an altitude of 200 feet (91 m) the well cannot be
detected. Using the vertical gradient, well number 4 can be detected at an
altitude of 150 feet (45.7 m) with a line spacing of about 360 feet (109.7 m)
or at an altitude of 200 feet (61.0 m) with a line spacing of about 4?0 feet
(128 m). 1If horizontal gradients are used, the line spacing can be increased
to about 590 feet (179.8 m) for altitudes of 150 or 200 feet (45.7 or 61.0 m).

From this discussion, it is apparent that for the assumptions used the
line spacing zar be somewhat larger for total field than for gradient
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measurements. It is also apparent that, if the assumptions used are valid, it
would be possible to find all of the wells in this study with airborne surveys.
Although the actual flight path of the aircraft can be recovered very accu-
rately with a microwave navigation system, there are significant deviations
between the desired path and the path the pilot is able to fly. These devia-
tions are estimated to be aoout +60 feet (18 m) or less. Consequently, the
line spacing should be reduced somewhat from the numbers given in the preceding
paragraph. To cover the worst case, the spacing should be decreased by 120
feet (36.6 m). A reduction of 80 feet (24.4 m) is probably reasonable since
the probability of maximum deviations occurring in opposite directions at
adjacent localities on adjacent lines is small., The line spacing necessary to
locate well number 5 is then 40C feet (121.9 m) if total field measurements are
made at an altitude of 200 feet (61 m). This spacing is used in making some of
the cost estimates in appendix II. It may be unrealistic to plan and conduct
surveys to detect all wells, such as number 12, which apparently contains only
a very short length of casing.

Measurements of the total field are usually obtained as a byproduct of
gradient measurement. Thus, it might be effective in some cases to design a
survey based on criteria for a total field survey but to use a gradiometer
system.~ The horizontal gradient information might be very useful in identify-
ing fhdividual wells where several wells occur in a cluster.

vt

RECOMMENDATIONS FOR FURTHER STUDY OF MAGNETIC METHODS

Little further study of the application of the ground magnetic method is
needed at this time. However, if the around method is applied in a routine
way, the results should be periodically evaluated to see if changes in proce-
dires or further research is needed. A test and demonstration of airborne
methods is needed: 1) to evaluate the modeling described in this report, 2)
to discover any unforeseen probiems in the application of airborne magnetic
methods to this problem, and 3) to evaluate and demonstrate their effectiveness
in locating wells. Plans have been made to conduct a pilot airborne total
field survey over some of the wells studied in this report and to conduct more
extensive tests in areas near Qklahoma City where there are more than 15 known
wells per square mile (2.59 km¢}. The results of these surveys should be
carefully evaluated and reported. Gradients should be calculated from the
total field data to help estimate the effectiveness of using airborne gradi-
ometers. Complete evaluation of the airborne results may require a consider-
able amount of ground magnetic surveying and a careful visual examination of
areas. Some of the necessary examination can, no doubt, be done using aerial
photographs. In addition to the planned tests, it would be very useful to
study proprietory and other aeromagnetic data taken over oil fields to obtain
additional information on typical levels for geologic ncise.

There are a number of other unanswered questions which have a bearing on
the use of geophysics. An estimate needs to be made of the percentage of holes
in which all or part of the casing was removed and the importance of such holes
in causing pollution should be studied. As additional data are collected, the
magnetization parameter of casings should be determined. The results contained
in this report may not be typical, and, if so, this additional data may be
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needed to quide the design of future surveys. The effect of corrosicn on the
magnetization of old casings should be studied; possibly some wells are no
longer detectable because the casings are too corroded.
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SECTION 4
ELECTRICAL METHODS AND THEIR APPLICATION

SUMMARY OF ELECTRICAL METHODS

Many different geophysical methods and techniques comprise what are com-
monly called electrical or electromagnetic methods. Electrical methods often
are defined to include only those methods using direct currents; but, within
ti.is report, we use the term electrical methods to include geophysical tech-
niques using both stationary electrical fields and time-varying magnetic or
electrical fields. These fields may be of natural or man-made origin.

In resistivity methods, electric currents are driven into the ground and
the resultant electric field or potential difference between two points is
measured. Usually, two electrodes are used for current injection and another
two electrodes are used for measuring potential differences. Commonly, the
current and potential electrodes are placed in one of several standard con-
figurations or arrays, depending upon survey objectives. The potential dif-
ference measured between two electrodes is divided by the current injected into
the ground and then multiplied by a geometric factor calculated from the spac-
ing and direction between electrodes. The results are thus expressed in units
of resistivity, ohm-meters. This "apparent resistivity" would be equal to the
true resistivity of the earth in the vicinity of the electrode array if the
earth were homogeneous. The earth is seldom homogeneous so the measured value
of apparent resistivity reflects a weighted average of earth resistivities in
the vicinity of the array. To map the resistivity of an area, one or more of
tre electrodes are moved about to enhance or decrease the relative effect from
various parts of the electrical section. Basically, two survey schemes are
used: in “"depth sounding” the spacing between the electrodes is increased
while keeping the center of the array fixed; in "horizontal profiling", all of
the electrodes are moved while maintaining a constant separation between elec-
trodes., Often depth sounding and horizontal profiling are combined by alter-
nately changing the separation and advancing the array. In interpreting
resistivity data, the objective is to define the boundaries between regions of
contrasting resistivity and to determine the intrinsic or true resistivity cf
each region.

The magnetometric resistivity method is a hybrid techniaque in which the
static magnetic field resulting from direct current driven through the ground
is measured. With this method, spatial variations ir the magnetic field are
used to deduce the relative resistivity of various regions of the subsurface.
in Soth resistivity and magnetometric resistivity methods, very low frequency,
time-varying currents are used, but the frequency is so low that electromag-
netic induction effects are negligible.
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A number of earth processes, such as the flow of water through porous
media and chemical reactiorns between bodies such as metallic ores or steel
pipes and the surrounding rocks and soil, generate static or very slowly
varying currents and electric fields. Such sources are the basis for the
self-potential or SP methods. In the SP method, the potential differences
between two electrochemically stable electrodes placed at different lccations
are measured. Usually, one electrode is kept at a fixed position and the other
is moved about to explore the region. There is no way to establish the abso-
Tute value of the potential at the base electrode so each SP survey has its own
base level. The SP method is used for purposes such as studying the flow of
ground water and the exploration for metallic ore bodies and scurces of geo-
thermal energy. Variations in the resistivity of the earth influence self-
potential values, but resistivity cannot be determined directly from SP
surveys.

In electromagnetic methods, time-varying magnetic or electric fields or
both are measured. The fields may be of man-made or natural origin. Induc-
tion coils or sensitive magnetometers are used to measure electromagnetic .
fields. At low frequencies, two electrodes are used to measure the electrical
potential differen.es which, if the electrode spacing is small, are a good
apBro&imation to the electric field.

L

A large variety of electromagnetic techniques exist in which artificial
SGurces dre-used. One type of source is an insulated Toop or coil driven by a
harmonic or other time varying current. The time-varying magnetic field
induces eddy currents in the earth which have an associated secondary magnetic
field. The pattern of eddy currents and the secondary magnetic field are
dependent on the resistivity of the earth in the vicinity of the system. For
certain appiications, time-varying current is driven into the earth using a
gair of electrodes. 3Surh a source is inore complex than the simple loop; the
total current in the earth is a superposition of the "galvanic" current flowing
between electrodes, eddy currents induced by the galvanic currents, and eddy
currents induced by the current flowing in the wire which teeds the electrodes.
Usually, when artificial or controlled sources are employed, one or more
components of only the magnetic field are measured. However, in other tech-
niques, both electric and magnetic fieids are measured as in the “"controlled
source” magnetotelluric method. In this latter technique, which employs a
grounded wire source, the ratio of the electric field to the orthogonal mag-
netic field is measured. The results are r:adily expressed in units of
resistivity.

Many electromagnetic surveys are made to locate highly conductive (very
low resistivity) regions which could represent metallic ore bodies or other
features of interest. In interpreting such surveys, one usually tries to
estimate the resistivity of conductive features but not of the region as a
whole. Electromagnetic methods are also used for depth sounding. By varying
the frequency, the depth of exploration is varied. In interpreting such sound-
ings, the objective is to determine the variation of resistivity with depth.

When current is driven through the earth using electrodes, it has both
vertical and horizontal components. The presence of a vertical steel casing
can locally cause a large change in the distribution of the vertical currents
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and corrasponding changes in the electric and magnetic fields at the surface.
The magnz2tic field from a loop or other time-varying source causes eddy cur-
rents t: flow directly in a steel casing. However, the dimensions of the eddy
current paths in a casing are so small that the secondary magnetic field asso-
ciated with these eddy currents cannot be detected at an appreciable distance
from the casing. In a horizontally layered earth, loop sources cause eddy
currents which flow only in horizontal paths. Horizontal pipelines can sig-
nificantly influence the distribution of these eddy currents. Thus, loop-loop
electromagnetic methods are very sensitive to horizontal pipelines but are
relatively insensitive to vertical casings.

The induced polarization or IP method is, in some respects, a hybrid of
resistivity and electromagnetic methods, but it depends on the ability of the
earth to become electrically polarized. In the IP method, a low freguency
sinusoidal or pulse waveform is driven into the ground with electrodes. Usu-
ally, the resulting potential difference between the electrodes is measured
although in one variation of the technique the magnetic field is measured. If
the earth exhibits polarization, the measured apparert resistivity will de-
crease with frequency and a phase shift between the received voltage and the
injected current will occur. Sulfide minerals, graphite, and some clay min-
erals are sources of polarization. Also, buried metallic objects including
vertical casings can locally cause strong IP anomalies. The direct current
resistivity* is usually obtained as a "byproduct” in making 1P surveys. Induced
polarization results and their interpretation are often complicated by the fact
that the frequencies used are high enough to cause electromagnetic induction so
that the effects of the two phenomena are superimposed.

2

FIELD MEASUREMENTS

Self-potential surveys were made in the vicinity of 11 wells using a fixed
base electrode and a roving electrode. The SP nonpolarizing electrodes were of
lead-lead chloride construction. Potential differences were measured with &
high impedance voltmeter., Distinct and fairily large anomalies were found in the
vicinity of four wells, numbers 7, 11, 15 N, and 15 S (figures 140, 142, 144,
145). Small, distinct, short-wavelength aromalies were observed in the im-
mediate vicinity of some of the other wells; for example numbers 14, 16, 17
(figures 143, 146, 147). Small anomalies which appear to be related to the
casing were observed for all other wells except number 6; however, many of
these anomalies are too small and too similar to other features along the
profiles to be diagnostic of a casing. At this time, we have no explanation
of why significant anomalies were observed for some of the wells and not the
others. The anomalies for wells number 7, 11, 15 S and 15 N are quite narrow,
measurements would have to be made on a grid having a spacing of about 10 or 15
feet (3.05 or 4.57 m) in both directions to be reasonably certain of identify-
ing the ancmaly. Even then, much additional detailed work would be necessary
to identify the anomalies due to wells and those due to other causes.

Electromagnetic measurements were made using two different systems. One
system, the EM 31, uses a small transmitting and receiving coi) operating at a
frequency of about 39 kHz with a locp separation of 12 feet (3.66 m). The in-
strument is designed so that it measures apparent conductivity (=1/resistivity)
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directly. Measurements were made over two casings with the coils in line with
the traverse and perpendicular to the traverse. No anomalies were observed
which could be attributed with certainty to the wells (figures 148 and 149).
Other anomalies which are probably due to buried horizontal pipes or cables
were observed.

Slingram measurements using a Max-Min Il system were made in the vicinity
of w21l number 3 (figures 150 and 151). Slingram systems are similar to the
EM 31 except that the loop spacing is much greater, the frequencies used are
much lower, and the response is not proportional to earth conductivity. HNo
indication of the well is seen in profiles run with either the horizortal
coplaner or vertical coplaner configurations with a loop spacing of 400 feet
(121.9 m). The results are typical for flat-lying, conductive, sedimentary
rocks and could be inverted to determine the resistivity of the rocks.

RECOMMENDATIONS FOR FURTHER STUDY OF ELECTRICAL METHODS

Neither of the two electromagnetic techniques used, the EM 31 and sling-
ram, are well-suited for the detection of vertical pipe-like bodies. However,
it would be worthwhile to experiment with an electromagnetic method using a
grounded wire source.

It is known from the work of Holladay and West (1981) and others, theat
vertical steel casings can cause strong distortion of resistivity and IP
measurements when an electrode is in the vicinity of the casing. At high
frequencies, some of the distortion may be due to electromagnetic coupling.

Due to present interest in the use of IP and resistivity methods in expioration
for oil, a considerable amount of proprietary data exist which show these
effects and which would have been useful in this study. Further evaluation of
any of these data which become available would be worthwhiie. However, it must
be noted that IP/resistivity surveying is relatively expensive compared with
magnetic or SP surveying. Therefore, IP/resistivity might be usefui in special
circumstances, such as when the upper part of the casing has been remcved, but
would probably not be economically practical for more routine problems.
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SECTION 5
SUMMARY

Initial consideration of the problem of locating abandoned well casings
using geophysical exploration methods indicated that magnetic methods would
generally be most useful and that some electrical techniques might be useful.
Ground magnetic measurements were made over 18 wells in two oil fields near
Denver to develop information which could be used ir modeling and in the design
of magnetic surveys. Anomalies having peak amplitudes ranging from about 1,500
to 6,000 gammas were found over all of the known wells tested., Horizortal and
vertical gradients of the total field were measured near some of the wells; the
results sugges. that gradient measurements are not as useful as total field
measurements in the areas tested.

. e
§he model chosen to represent a casing is a set of pole pairs. By use of
a_nonlinear least squares curve-fitting (inversion) program, the strength and
locations of sets of pole pairs, which provide a clese fit to the observed
data, were determined. Using this procedure, the position and strength of the
uppermost pole is determined with an accuracy of a few percent, but the error
in the position of lower poles may be much greater. The paramsters which were
determined are adequate for predicting results at airborne altitudes and for
other modeling.
Using the parameters determined from the ground measurements, it appears
that all of the casings in the test area could be detected from airborne
measurements made at altitudes of 150 to 200 feet (45.7 to 61 m) above the
. surface, provided the flight lines are spaced as close as 330 feet (100 m) and
provided noise due to other cultural and geologic features is not too severe.
More data over typical oil fields is needed to establish realistic noise levels.
If the gradients due to geologic sources are not too high, it appears that the
detection range for total field measurements is greater than for gradient
measurements, given the instrumental noises of present equipment.

Self-potential anumalies were found to be associated with most of the
wells where measurements were made. However, the anomalies tend to be narrow
and low in amplitude so it is suggested that use of this method be considered
only in cases where magnetic data are inadequate or cannot be acquired.

Test wells were not detected using two lToop-loop electromagnetic methods.
However, theory suggests that electromagnetic methods using loop sources would
not be effective and that only those methods employing grounded wire sources
should be used. Theoretical studies and field data, which have been obtained
by private contractors and most of which is proprietory, indicate that the
resistivity and induced polarization methods are censitive to the presence of
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steel casings. These methods would be much more expensive to use than magnetic
methods but might be useful in special circumstances. In particular, the depth
range of these methods may be greater than that of magnetic methods in cases
where the upper part of a casing has been removed.
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Observed and calculated results for Well Number 8.
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Figure 69, Observed and calculated results for Well Number 10.
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Figure 79a. Observed and calculated results for Well Number 15 S.
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Figure 80a. Observed and calculated results for Well Number 15 S.




911

F {GAMMAS)

63000,

62000.

61000.

60000,

52000,

30000.

857000,

85000,

53029,

34000,

83000.

" INVERSION OF WELL #15 .
—T 1
- .
F —
L 4
; ]
o o
| :
- ;
L A J e ' - l 1 l A l A l It l 1 l Iy ' '
@ o o o o o o o o - o
8 § & . §8 % g & §& & &
[] ] [} 1] ]

Figure 80b.

DISTANCE FROM WELL ALONG THE E-W PROFILE

Observed and calculated results for Well Number 15 N.



a

{11

F (GAMMAS)

<

INVERSION OF WELL #16

I

L

LA NN SELJNE SN AN LN B B

L4 T v } | A  § ¥ T T | T T v v A T LA | L

PRI T |

~500.

=400, P~
200, |-
300, =
400,

OISTANCE FROM WELL .ALONG THE M-S PROFILE

Figure Bl. Observed and calculated results for Well Number 16.



811

F (CAMMAS)

v

INVERSION OF WELL 216

[ ]

|

L DL B D B DAL B L

T v ¥

i v M |} M . 7 i M 1 v ¥ M |

& —

| TN S I U P T S

o1 e 1 g

-850,

-000- pe
-300, p=

Figure 82.

=200, =
«100. b=
0
100. b~
200, p~
300 b=
400, =

DISTANCE FROM YELL ALONG THE E-¥ PROFILE

Observed and calculated results for Well Number 16.

860.



611

F {GAHMAS)

8L860.

87000,

27002,

E5660.

BIC00.

34000,

INVERSICN OF WELL #17

| S SN S

1T 1l Tl ryrlrTrTT1?

v

1

v {

] v L v ¥ M ] ML M | v L]

.llLALL»_‘m

P B BTV NS N S |

=500.

«400. =

-300. =

A-2OU. =
«100. =
0.
100, =
200. -
300, =
400, ~

DISTANCE FRUM WELL ALONG THE N-S PROFILE

Figure 83.

Observed and calculated results for Well Number 17.

5000



02t

F (GAMMAS)

60000,

85600,

83000,

l‘[tlﬁrlll

w INVERSION OF WELL #17

L4

|

M 1

L4 ] 4 | @ L T L4 1 v T L4 T T T

[ BT

PN NS NV NN SN SN ST |

Figure 84.

100. 1=
200, I~
300. 1~
400, =

DISTANCE FROM WELL ALONG THE E-¥ PROFILE

Observed and calculated results for Well Number 17.

304.



12t

F (GAMMAS)

600C0.

WELL #6  HOLDING L=73° CONSTANT

(]

893500,

G3000.

87500,

87000,

lrflfltll]flvlﬁlllr

*~-

v . \J T v 1 | v T L2  { A H L] 1 \j 1 v

1

FUEE U BTN SN BN N ST AT 2

A . A

-500.

-400.

100,
260

300.
400,
500,

g
]

=207,
-100,

DISTANCE FROM YELL ALONG THE N-S PROFILE

Figure 85. Observed and calculated results for Well Number 6.



et

F (GAMMAS)

W

ELL #6

HOLDING L=73°" CONSTANT

89000.

43000,

LR B L N L L A L D D

L4 1 v T L4 T L LN v | L T L

PO ST NS N |

P S BT

'Y

84000,

-8300.

~400. =

Figure 86.

-300. P~

1
3
o

=100, =
100. P~
200, =
300, =

-200. b=

DISTANCE FROM WELL ALONG THE E-V PROFILE

Observed and calculated results for Well Number 6.

40%. b~

S00.



gel

F (GAMMAS)

60000,

85500.

85000,

0500,

63000,

07000,
85500,

8500,

:

g
g

VTt

WELL #6

QPNSTANT

HOLDING Z=-10.6",L=123" -~

rrrryrery vy

-

L v ¥

L L{ v I v | AL ! MR §

PO T

' B R O SR T

P

-500.

-400.
-300.

Figure 87.

rt N g
<

100,
200.
300.
400,

-200.
-t oa.

DISTANCE FROM WELL ALONG THE N-S PROFILE

Observed and calculated results for Well Number 6.

00,



174}

F (GAMMAS)

WELL #6

CPNSTANT

HOLDING Z=-10.6°,L=123"*

85800,

8600,

65800,

66000,

65300.

85800,

R L A D B L R B

M

) v )

L
(

' Y AT T T Y A N TN O

i

84800,

=-800.

=300, i~

=400, =~

Figure 88.

=100, I~
2=
100, -
200, p~
300, k-
400, -

=200, =

DISTANCE FROM VELL ALONG THE E-Y PROFILE

Observed and calculated results for Well Number 6.

800,



700
6o¢
500
400~
300

200
100

=100
=200
=300
-400
-500
=-600
~700

JNGR VRN JUURY VY RN VO VY SV B

~700
-600 -
-600 |-
-4004—~ .
00 —
~200 |~
-100
100
300}
400}~
500 |-
600
700

MAP OF WELL #4; 150 FT. ABOVE GROUND

Figure 82. Calcuiated airborne total field contour map of
10910 (F~Fmin)-

125



T T T T T T T T T T T

700

MAP OF WELL #4, 200 FT. ABOVE GROUND

Figure 90. Calculated airborne total field contour map of

126



500
600 —
760

200+
300
400

1
e
]
-

-400—
-360
~200
-100—
ol

MAP OF WELL #4, 250 F7. ABOVE GROUND

Calculated airborne total field contour map of

Figure 91.
10910 (f’Fmin)°

127



821

WELL#4 CALC N-S PROFILE, 100 FT.

MAGNETIC READING (GAMMAS)

55278.3_ﬁ1 LI IT1 1) r] I v ' ' ¥ ' | J ' r' 1 ] 1 L ‘ | § ' L ' '_

55265.5

55247.5 -

55228.8 1

55210.4 |~

55192.1
55186.5

Figure 92.

350.0
R

|
o

L
o
(=]
M

DISTANCE (FEET)

Calculated airborne total field profile at 100 ft for Well Number 4.

400.0



621

WELL#4 CALC E-W PROFILE, 100 FT.
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Figure 93, Calculated airborne total field profile at 100 ft for Well Number 4.
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Figure 94. Calcuiated airborne total field profile at 150 ft for Well Number 4.
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Figure 95. Calculated airborne total field profile at 150 ft for Well Number 4.
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Figure 36. Calculated airborne total field profile at 230 ft for Well Number 4.
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Figure 97. Calculated airborne total field profile at 200 ft for Well Number 4.
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Figure 98. Calculated airborne total field profile at 250 ft for Well Number 4.
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Calculated airborne total field profile at 100 ft for Well Number 5.
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Figure 101. Calculated airborne total field profile at 150 ft for Well Number 5,
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Calculated airborne total field profile at 200 ft for Well Number 5.
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Figure 103, Calculated airborne total field profile at 200 ft for Well Number 5.
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Figure 104. Calculated airborne total field profile at 100 ft for Well Number 6.
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Figure 105. Calculated airborne total field profile at 150 ft for Well Number 6.
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Figure 106, Calculated airborne total field profile at 200 ft for Well Number 6.
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Figure 107. Calculated airborne total field profile at 100 ft foir Well Number 12.
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Figure 108. Calculated airborne total field profile at 100 ft for Well Number 12.
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Figure 109. Calculated airborne total fie]d profile at 150 ft for Well Number 12,
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Figure 110. Calculated airborne total field profile at 200 ft for Well Number 12.
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Figure 111. Calculated airborne vertical gradient for Well Number 4.
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- Figure 112. Calculated airborne north-south horizontal gradient
for Well Number 4.
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VELL#4 CALC N-S PROFILE, 150 FT.

?0272- 'rri'—tlf'l' 'TI'U'I'!'ITT'I[U"

t

0.193

-y

-

ol

(@]

& 0.097

(2]

<

x

x

30.000

é r

l}_-0..097—-

a

_02'2_1|n|_1|1l_Llnln_l | T Lot o i s 1 0 b
Yo o0 o o0 0o o0 o o o O O O O ©C O o o
QO © O 0 0 0O © 0 0 O 0 O O © o o ©
SO O O O O O O & O & U & O O &6 O o
- e & & & =& & @& & & & s+ @& & ¢ e »
O O O O © 0O O O O O 0 O 0D 0O O O o
c N S N o W o 10 n S N o I O 1 o
TEREY T - - R ERERS

DISTANCE (FEET)

Figure 115. Calculated airborne north-south horizontal gradient at 150 ft for Well Number 4.
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Calculated airborne vertical gradient at 200 ft for Well Number 4.

Figure 117.
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Figure 118. Calculated airborne north-south horizontal gradient at 200 ft for Well Number 4,
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Figure 119.
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Figure 121. Calculated airborne vertical gradient at 150 ft for Well Number 5.
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Fiqure 122. Calculated airborne north-south horizontal gradient at 150 ft for Well Number 5.



YELL#S CALC N-S PROFILE, 200 FT.

4
...l h 00C°00Z
.ul || 0060°009
.-l ...n. 000°00S
”.. ...... 000°00%
ﬂl |.4 000°0Ct
ﬂl I._ 000°00e
ﬁu .l.. 000°00!
V 000°0
nl .“ 000°001-
! |“ 000 .oowl.
i au 000°00g-~

.“ 000°G0%~

I h 000 °00G~

- —000+003-

”l .IH 000 °00L-
s § ¢ § ¢3¢

(LGO04/SYHRYS) 20/40

159

DISTANCE (FEET)

Calculated airborne vertical gradicnt at 200 ft for Well Number 5.

Figure 123.
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Figure 124, raleylated airborne north-south horizontal gradient at 200 ft for Well Number S.
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WELL#12 CALC N-S PROFILE, 150 FT.
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Figure 126, Calculated airborne east-west profile of vertical gradient at 150 ft for Well Number 12.
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WELL#12 CALC N-S PROFILE, 150 FT.
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Figure 128.

Calculated airborne cast-west profile of horizontal gradient at 150 ft for Well Ndmber 12.
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WELL#t2 CALC N-S PROFILE, 200.FT.
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Figure 130. Calculated airborne nbrth-south profile of horizontal gradient at 200 ft for Well Number 12.
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WELL#12 CALC N-S PROFILE, 250 FT.
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Figure 131, Calculated airborne north-south profile of vertical gradient at 250 ft for Well Number 12,
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WELL#12 CALC N-S PROFILE, 250 FT.
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Figure 132.

Calculated airborne north-south profile of horizontal gradient at 250 ft for Well Number 12.
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TEST WELL CALC N-S PROFILE, 150 FT.
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Figure 133. Calculated airborne total field at 150 ft for two identical casings separated 200 ft.
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Figure 136. Calculated airborne total field at 200 ft for two identical casings separated 400 ft.
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APPENDIX 1.
BRIEF SYNCGOSIS CF THE PROGRAM “CASING"

The program "CASING", written in Fortran 77, has two modes of operation:
1) the forwird mode, and 2) the inverse mode. In the forward mode the program
calculates the magnetic field components Bx, By, Bz, H and F, using equations
(1) and (3) and the spatial derivitives of these components (except H}, using
equations, (2) and (4), due to a linear distribution of magnetic monopole
pairs.

In the inverse mode, the program initializes the distribution of mo-opoles
within a specified region of interest, and, together with the subroutine
"NLSOL" (an adaptive nonlinear least squares solver by Anderson, 1962), deter-
mines :che final distribution of monopole pairs from a magnetic field data set
that specifies the observations, their coordinates, and the component typ=a.

o

The program was designed to be nighly interactive s¢ that on initial use
one is assured of correct data entry (on subsequent runs, data can be read from
a file that was saved on the initial run). Most other options avaiiable in the
program, such as saving of data files, generation of randomly perturbed data
sets or randomly perturbed parameters, are interactively specified by the user.

Both the forward and the inverse versions of the program rely exclusively
on 3 large set of interdependent statement functions that specify the magnatic
field components (or derivatives) of interest. These appear in the subroutine
"CASINGFI" tefore the fi~st executable statement, as required by Fortran. The
functions have been coded in elementary subunits (e.g., specifying the distance
betwecn two arbitrary points) which are combined to yield the fields due to
pole pairs, Furthc., summation over all pole pairs yields the firal field
values 2t a point in space.

PLOTTING CAPABILITIES

The forward problem subroutine "CASINGFI" will enter an interactive plot-
ting section after the requested fields or derivatives have been generated.
The tyre of function, the direction of plotting, and the exact location of the
line of plotting in 3 dimensions are specified by the user. The data to be
plotted are printed, and, if requested, a one-dimensional profile of a magnetic
field component is generated. The actual plotting is done by the plot package
resident on the V2X -11/780 system at the USGS, Golden, Colorado. Both termi-
nal output graphics for rapid viewing and hard copy graphics produced on a
Hewlett-Packard plotter can be obtained. Any number of graphs can be generated

@
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sequentially and the program will exit the plotting loop only at the direction
of the user.

PORTABILITY OF THE PROGRAM

Except for the plotting section, this program can be implemented on any
system supporting Fortran IV plus for Fortran 77. MWith some minor modification
the program could also be adapted to run on smaller systems. There are no
machine dependent constants in the code.

FURTKRER SCIENTIFIC POTENTIAL

The program "CASING" can be used to¢ generate or analyze geomagretic data
of the type currently of interest to investigations that rely on magnetic field
data. It is especially well suited to simulation studies where data inversion
techriques are needed. By a sequence of simulations where 1) {ield data are
acquired, 2) these data are randcmly perturbed, and 3) the inverse mode is used
to attempt to recover the original parameters, ane can determine the limits and
accuracy of inverting certain types of data sets.

Because of the strong reliance on statement functions, functions currently
not in the program can be easily embedded. Thus, dipole (quadrupole, etc.) or
even continuous distributions could be incorporated without difficulty.
Consequently, demagnetization effects could be studied. '
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LISTING OF PROGRAM "CASING"

A listing of program "CASING" is given on the following pages.
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c
o
C
C
C

PROGRAS Ca3I s

PROGRA® ~PITTE N of Lursrl A, 2UT4, JSULY,1982

THE SROUKAY HAS [0 ~Uled UF V32582 (1) °FUReARD® FauolZs

ALY (2) “14vVERSE® PROBLE4

In THE “FOR%ARD? <O05C

TAE SUcA0UTINE CASI~GHI JaLCulbalE3 12E 48GMNETIC FIELC OF 3
COLLECTION UF CROICS, £€+CH GF 4HICA 1S aaDi UP OF A CULLECLTION
OF ARAGAETIC 40iLOPULL PARIES.

| £,

THE SUBROUTI~Z CASIHGFI OeTALnS THE FAPANETERS UF A VISTRIEUTICA

oF

THE ‘InVER3E® ~LNE

POLES AdD CASI~GS FROY <€AGHelIC LDATA.

PARAMETEP(NCASINGS=1V,~POLESZ2V)

PARAAETER (v oeSE500,hPARAASS 28N ASINGSeIS(NPOLLS=1)eY)
COMAON/BINIT/IO, 50 (1V0) ,IALT : °
COmNMOYM/L2KEAZ/LREAD
COAMDU/RUNO0/aCASILGY ,IE0TRY , IRL,TRUNS,ZRECORL,IPAnDON, ISEED
1 JPERCENT(2)

COMMUN/KUNLI/THISRUY

CO4m04/DUAV/DYDBSINDES) ,UXIADERP(#0BS,3),0w(2), DEPAR-!S(t)

& -COMMON/UNIT/Z7IURET

CHARACTER®30 THISRUXA
CHARACTERS®SU FILENAME
-INTEGER SLEw
INTEGER®G ISEFD

- EXTERNAL CASI%AGFJI,PCOLE.SU2Z,S5UREND

DATA 1ENTRY,IviIT,1SEED/V,9,24421/

READ IN THE TYPE JF Ruw ThI3 1S: SPECIFY EITnZR FORwARD OK
ILVERSE On THE FIPST DATA CARD STArRTING (%5 THE FIPST COLUHN.

aRITE(6,9;° £ATER FILthang
1 UF THE CASI«G PARASETICR I4PUT FXLE. (PRESS <RETURWY>
2 IF INPUTING FRU.A THE TEr=ftalL.)*®

JUNITSIUNITe]

IRUNSIUNIT

FEAD(S.I)FIL::—ﬂh

IF(SUENLFILESRASE)ELe2)INUNES

XF(XRUN.NE.SJFHL.

CALL ASSIGR(IuiIT FILEASE,SLER{PILENRAE))

ENDIF

dRITE(6,*) °* CuTER ThE FILE~A4L
1 wAERE THE IJPUT PARAAETERS ARE TU ¢E KECOKDED,®
2 L°1IF YOU DO 29T =1lSh TU RECORD THE FARAMEIEPS PRESS CPETUHRNDC
CREAD(S,1)FILE~ArE

IF(SLEA(FILE AnE). GT 1)T-En

TUNIT=JUkL e}

InUNL=LU LY

CALL ASSIG (lunwlf,FILLLAE ,Sint(FILELWARE))

ENDLIF

aRI1E(n,8) L3 THIS An LAVZESZ/FUF«ARD PrOBLEW?”
REALLIRLY,21)inlSnlie

IF(IRU.cL vEev)or Lt {10%1,2)T ISku
FOHA\T(A)

e
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INTEGER SLEW . e
CHARACTIEN®20 FALENnANLE !
CHARACTER®13 wAgS
DASLA HAMUS/TFLELLGS 27, °PARArLEIERE 2°/

WRITE(o,%)° CuU YOU «#ANT kANDOMLY PLRTUKDED VALUES FOR THE °,
INARES (1ASK) .

IF(1ASK.Ed.1)THEEG

¥PRLITE(6,%) ° iF w0, PKRESS <RETURN>; OTHERIISE, ERTER FILENAME, *

READ(S,1)FILEw~A~E

IFCSULEN(FILEUANE) ENLLIRETURY

ELSEIF(IASK.EQ.2)TREN

WRIIL(6,%) ° U = 0l ;7 1 = YES *

READ(S,*)IPANDOM

IFCIRAROCH . E0,. OJRE'UKr

-

ERUTY ——

FORMAT(A)

WRITE(H6,%)" ENTER ANY S DIGIT INTEGER FON THE SEED
1 OF THE RANDOM NUSE@ER GENERATCR; CURKENT SEED IS “,ISEZED
READ(S,®)1ISEED

WRITE(6,%)° BY ®WHAT AAXINUM DECIvAL FRACTIOh L0 70U wANT
§ THE DATA TO ofE PERTURBED? (£.G., .1510%, ETIC.2’
READ(S, *)PERCELT(Y)

IFCIASK.EQ.I)THEN

TURITSIUNIT+)

IRANDDUSJUNIT

CALL ASSIGH(IUNIT,FILENAMT,SULENI(FILENAKE))
ELSEIF(IASK.EQ.2)YHEN

WRITE(6,8)° BY wWHAT RAXIkUM UECIMAL FRACTIOS 0O YOU eaNT
3 ThE EARTH®’S FTIELD IC BE PEZRIURBEZD?

READ(S, G)PE°C;LT(2)

ENDIF - - T .

RETURR

EnD

SUBROUTIiZ CASIASFI(YOBS,XIN,BPARANS,a,FCALC,IN,IDER)
DEFINE THE PARAAETEPS OF THE PRUBLENM

PARA-ETEP(HCASINGS=10,%P0OLES=20)

PARAMETER(NCNP=NCASINGSSUPULES)

PRAAFETER(COUv=] .E+8)

PARAYETER(NX=41,NY=3),%2=8])

PARASETER(NXFYPZTNA®NT+i L)
PARAAEFER(WObS=500,nPAKAMSE28ACASINGS+32 (VPOLES=1)+3)
PARAMETER(NXNINZSLASNYSYZ)

PARAMETER(NLC oap-.,.bEu1v=12.xCORPs=n:0MPounEH!v,ﬁcuxP91=xCG?fo)
PARAMEIER(NXLCOVP=LCLAPRNXNINZ U XNOERIVIHDERIVINLAYLZ)
PARAHETER(ﬁquND=N§ﬂSOMP¢HAhDERIVJ

COMMOU/RUNU/NCASINGE , TENTRY ,JRUN,IRUWGL,IRECORD,IRANDO%,ISEED
1 JPERCENT(2)

CUAACR/RUNI/ CRISEUN

COAvGR/CUN3TIZCr UL PULES, nCASINGS), DEGTORAU
COxrOL/GRID/XYZ(XPYFL,3)

DIAENSIUW X(.eh),YTLAY), Z2(52)

EOUIV!LE:-CE(L{Z(I.l).l)

EQUIVALERTE(XYLZ(1,2),Y)

EOQUIVALEWCE(LX¥2(1,3),2)
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INTEGER SLEN | -
CHARACTER®20 FlLENANME :
CHARACTERS®13 AnES
DATA KANMUES/ FIFLDLS 27, PARA=LIZRS 2°/
BRITE(SG,®)” OU YCU ranwY kALDOSLY PERTUReED VALUES FOR THE °,
INARES(IASK)
IFCLASA.E2,1)THEN
MPLITE(6,%) * iF &0, PRESS <RETUR%>; OTHERWISE, ERTIN FILEN#<E. °
READ(5,1)FILExA~E
IF(SLELCFILLUAYE) LEN.LIRETJRN -
ELSEIF(I1ASK,.£Q.2)Thin - .
®RITE(E,%) ° 0 = »uC ; 1 = YES§ *
READIS,*)IPANDDN
IFCIRANOCH . EU.0)RETUKE
ENDIF
FORMAT(A)
WRITE(G,*)* ENTER Ai:Y S5 DISIT INTEGER FOW THE SEED
1 OF ToE RanDOx HU~2LR GEAERATCAR: CUSKENT SEED IS *,ISEED
READ(S,®)ISEED .
WRITE(6,%)" 6Y wHAT AAXINUA DECIMAL FRACTIOR CO YOU wANT.
1 THE DATA 10 of PERTURBED? (£.G., .2=30% , ETC.)”
READ(S, #)PERCEHT(1)
IF(IASK.EG,1)THEY
TUNIT=1GNYIT )
IRANDUASIUNIT
CALL ASSIGH{IUNIT,FILENARE,SUENS(FILENAKE))
ELSEIF(IASK,.EG.2)THEN
© - WRITE(H, %)% £Y wWHAT mAXI#UA CECIMAL FRACTION DU YOU waNT
1 InI EARTH""S FIELD 1D BE FERTURBED?”
READ(S5,®)PERCENT ()
ENDIF :
< RETURJ
EnD -

-~

SUBROUTINE CASINGFI(iOBS,XIN,EPARANS,a,FCALC,In, IDER)
PEFINE THE PARAAZETEPS OF THE PPUSLEN

PARAVETER (HCASINGS=10,%POLES=20)

PARAMETER(NCNPZNCASINGSAWPULES)

PARAMETER(CO vl ,E+8)

PARAYETER(HWX=41,MY=41,v2548))

PARANMETER(NXPYPZ=NAenTon )
PARAAESZR{uDDS=S5CO,HPAKAMSS20:4CASINGS*38 (NPCLES=1)+4)

PARAMETER IAXNINZZLASNYS%2)

PARAMETER(LCOAPSS, <DEKIV=12,3COFPSSHCONPeNDERIV, nCUNPPLIENCE i +1)
PARASETERCHLXLCOVP=LCUNPSUX IR (L XNOERIVEUDERIVENLnYKZ)
PARAMETERaX#uChOSKkX4CUNPENALOERIY)

COMADN/RYUNU/NCASINGL,IENTRY (IRUN,IRUHL ,TRECORD ,IRADON, ISEED
1 LPERCeHT(2)

COUAADE/KUNL/ ThISRUN
CORSGN/CUASTI/CY Y FULES, «CASTINGS),DEGCTORAY
CONMOU/GRAIND/XYZ(AFYPL,d)

DIAENSIG X(.c),TCnY)eZ(NZ)

EQUIVALEACEZ(A12(1,1),4)

EQUIVALERTE(XY2(2,2),Y)

EQUIVALEWCE(X(2(1,3),2)

Reproduced from ‘i?
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CURADN/REGIVUN/X0,XF,YU,TF,20,2ZF
CONSGI/CASINGS/XL(4FOLES,NTASINVGS) , Y1 (~FPULRS,SCAS14GS),

$ Z3C(NPULES,CAaSINGS), X204 PlLES, C8514GS), Y2(RPOLES,RCASINGS),
2 C2(HFOLES ,wCASI“6S) ,LENGT(SP0LES,NCASINGS) ,AETA(NCASINGS),
3 PHI(NWCASINGS) ,FULES(RPULLES,HCASINGS) ,iPOLLY (CRASINGS)
COARON/BEARTN/ACAFTr  TLANTR (LELRTH HEARTA ,FEANLR

nnMN

COMADN/NASES/IFX ,IFY ,IFZ,IF 4, IefF 2F020X, IF2ADY,,IFCADZ,IFDYOX,
3 IFOYDY.IFOYLZ,lFO20X,IFDZI0Y, Ff 0202, IFOFOX,IFOFLT,[FOFOZ
DIMESIQu HAMESO(NCUO#PS)

EQUIVALZJCE(WANESU,IFX)

COMAON/FIELOSO/FIELDS (14X, %Y ,u2,KCCHPS)
COMMON/COMPSO/COEPLHLDUPS) ,CS4POLLCO%PS)
CCUXON/PLOTO/PLOTTLHIS(%XAPYPZ)
CHARACTER*S DIVAYZ,X04P,CLu4P,CO0NPO
REAL LENGTH,LX,LY,LZ,L
CHARACTER®50 [RISRUN
CHARACTEKR®*20 F»T
. INTEGZR®4 1IScED
CHARACTER®40 PTITLE,XTITLE,YTITLE
DIAENSIOS IPTITLEILO),IXTITLE(LN)  IYTITLE(LIO)
COMiON/BEN1IT/L0,EQCLULO),IALT
DIMY NSION BPARASZ (1) XIN(s0BS,1),¥CES(L),4(2)
COMTON/TYPZO/IYPE(NDBS) .
CHAYV.CTER®S0 FILEMANE
CHAKR, CTER®S TYF&
DIMENSION P(APARAMS,LPOLES,,CASInGS) .
DIMENSION XP(&),Tv(4),0P(2),07P(2),1EF 10) ISL(S) ’
> DATA v OMPO/°X°,"Y","2°,"H",°F°,
T “OXeX°?,°DXUY’,"DXDZ°,°0tDK’, DYDY, 0YD2",
2 °DILX°,°DLZu¥°,°D202°,°UFLX’, DFLL’, DFOZ°/

DATA tPLOT/1/
DATA * UNdPY/1.E=1/
DATA Xi/NCHES0,./
OATA 2. TEP/Sr
DATA ZERuU/v./
DATA FIE OS/1X0CiD€0,.7/
c . .
'C'C"'ii"""IiE BEGINNING GF ARITHhMETIC STATEMENLT FUNCTIOnS*ssse32%as
COSURESTRLB8840 ¢ USED Ix ThHIS PROILES 358035883533 53480005345350F884353s
C
LX(L,BETA, 1 HI)=L2COS(pETAISCUS(FR])
LY(L,BETA, PRI)=L®CUS(3ETRI*SIH(PRl)
LZ(L,BETA) SeLSSIN(BETA)
R1CX,Y,Z2,X1.Y%, Zl)-SCRT((K‘XX)"ZO(Y-YI)3'20(2-21)"2)
RXI(X X1)=X X1
RYI(Y,Y1)=Y 51
R21(Z,211=2-.1
KXY1(X,Y, XL,tL13= kt(X,x.ZEHG A1,Y1,ZERD)
BXICX, Yo Z,X3, 3,23 )5RAI(K, X2}/ (RI(X,Y,2,X1,Y1,21)0%3)
avx(x.x,z.xx.;x.zx)=&¥x(Y.Y!)/(«1tx.Y.Z.AX.Yl.zI)"J)
BZI(X,Y,2,42.51,21)=R21(2,21) /7872 UX,¥,2,%X2,¥Y1,21)¢%3)
BXLX,Ye2Z,41,02022,X2,Y2,22,4,3)3C4t1,J)e
L (BAI(X,Y,2,880.0,21)=842CX,Y,2,X2,Y2,22))
S BY(X o2, A0,Y2,83,X2,Y2,42,8,3)3CFu(1,J)8
1 (6yi(x,Y,2,%:, '1.Zi)°ﬁYl(1,1.2‘:!2.{2.12))
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BZ(X,¥,2,X1,Y3,2%,%%,Y2,22,1,0)=Cv0(L,J)"
1 (3Z21(L,71,2,K1,11, Zl)-eZl(l 1,2,02,Y2,22))
OXOX1(X,%,2,Xx1,Y1. 21)—'3.‘x£1(l X1)#82/H1(K,Y,2Z,4%, Yl 21)8%5¢
1 1e/R1CX,Y,Z,X2,Y1,21)843
. DXDYSI(X,7,2,K1,81,%0 88 %RAL(A,X1DORYI(Y,Y1)/
1 RICX,Y,2,X1,¥L,%1)¢85
DXDZ1(X,¥,2,41,Y1,2.)%=3.8%RX1(X, KX)‘RLI(Z 21)/
1 RI(X,Z,2,X3,171,20)e%5
DYDXI(X,Y,Z,71,Y¥1,2,S=3.9F (3 (Y, YI)PRAL(X,K2)/
S Rl(x,Y.Z.ll.Yl.ll;"S
DIDYL(X,€,2,41,Y1,21)==3.8R0 CY, ¥))®O2/R1I(A,Y,7,X3,Y8,21)%%5.
1 1./R1CK,Y¥,2,X1,11,21)9%3
DYDZ1(X,Y,2,%X1,13,21)=-3,.%RY1(1,¥Y2)%R21(2,21)/

3 RILX -l e ot ot drZ LI LES
vy v v

DZDX1(X,Y,Z,X1,Y1,21)==3,%R21(4,21)SRXT UK ¥4
1 RI(X,Y,2,41,Y1,21)%%5
DZDY1(X,Y,Z,X1,Y1,21)=~3.% RZ1(Z,Z1)*RYL(Y,Y1)/
1 RI(X,Y,Z,X1,Y1,Z1)%%$
DZD21(X,¥,Z,X3,Y1,21)==3,9¢21(2,21)%%2/R1(X,¥,2,X1,Y1,21)33S
1 1./P1(X,Y,2,X1,Y1,21)%%3
DXDX(X,¥,Z,X1,¥1,21,X2,Y2,22,1,0)=CAUCI,J)"

1 (DXDX2(X,Y,2,X2,Y1,21)~UKOX1(A,Y,2,X2,¥2,22))
OXDY(X.Y,2,43,%1,21,X2,Y2,22,1,J)=CHuUlI,d)e

1 (DXDYV(X,Y,2,X1,Y3,21)=0XDY1(X,Y,Z,X2,Y2,22))
DXDZ(X,¥,2,X1,Y¥2,28,X2,Y2,22,1,J)=ChUCI, )¢

1 (OXD2ZI(X,1,2,41,¥1,21)=DADZ3CX,%,2,X2,%2,22))
OYDX(X,Y,Z,41,Y1,21,0%,Y2,22,1,J)=Cnd(1,0)"

3 (DYDX1(X,Y,Z,X1,¥1,231)=uY0X1¢X,Y,2,X2,¥2,22))
DYDY(X,Y,2,X2,¥Y1,21,X2,¥2,22,1,3)=Cxu(l.J)® .
1 (DYDYI(KA,Y,2,X1,¥1,21)=uY021(X,Y¥,2,X2.¥2,22))
DYDZ(X,7,Z,%i.¥1,28,X2,¥Y2,22,1,0)=2C00(1,0)0

A7 (DYDZIC(X,Y,2,41,%1,21)=0Y0Z2(X,Y,2,X2,Y2,22))
DZDACA, ¥ ,2.,41,%1,21,%X2,Y2,22,1,J)=Cau(l,J)e

1 (DZDX3LA,Y42,X3,43,28)=022X10X,Y,2,X2,42,22))
D2UY(X,Y,2,X1,71,21,X2,¥2,22,1,J)sC8U(l,Jd)e

.‘ (DZDY!(X;Y.Z.K!;YI.21)‘UZD'K!(&.".Z.X?.Yzozz))
D202(X,¥,2,X1,Y3,21,X2,¥%,2%2,1,0)SCrUCI, ) o
3 (DZDZ1(X,¥Y,2,X3,¥1,22)=L2D25(X,¥,2,X2,¥2,22))

(o

Cossosenssseses EnD OF ARITEMATIC STATEMENT FUNCTIGHSSSesssscosesssca
IFCIENTRY ,£C.C)THEN
c

c
C DEFINE A FEd RELEVANT COASTANTS
c
PI=4.®ATAN(L.)
DEGTORAD=P1/160,
C
C

CO¥33888ICLS88C88SS T HE aECLh"!hC OF DATA [NPUYTS*sSssessstsicesscevsansy
[ o

C

C PEAD Iv THE Ki'wedgE@ DF CASINGS In THE PROBLEN,FOLLDAED 9Y

C THE wti<BEX OF PAIRS OF POULES In TACHK CASING,

<
aRITEC(G,¥)1° aNal IS5 Tnf TOTAL NUMBER OF CaS[:H6S Id fHIS P+OrLEF?”
HEAD(TAV:, %) .CAS1-GL
FFCIPUNL . E V) -RETr(IRUMNL,®)HuCASEINGE
GRITE(D,9)°ELTeR 1hE huvser ufF PGLE FAIRS I4 vYACh CAS[nu:®
READ(Lud,®) (VPCL%1(ICASIG),ICASLNGSL,.0CAS81LGT)
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IFCLIRUNL A, D) .
1 wRITE(IPUNL,0) (WPCLELLICASING),ICASENGS1,i.CASIVGY)

CHECK TO S£Z IF Tac ALLOTED 1U~¥mEh OF CASIHGS asD [HE YUABER GF
PULES IN EACH CASING HAVE &0T ebli EXCSEDED.

IF(NCASIwGL.OTLICASTIGS)IZIOP “nCASINGS”
DO 70 ICASIuy=1,mnCASLGGE
70 IF(POLELCICASL4G)JGTLHiPULES)ISTOP “%¢OLES®

READ IN THE URJENIATION OF EACH CASING (1 OEGREES):
BETA(ICASIIG)® THE ANGLE SETezcl The HORIZONTAL Aul THE
LINE OF TEE CASING.
PRICICASING)® fEZ AnGLE Eef-£8Y¥ TrE HORIZOWTAL PRCJIECTIVU
: CF The CASISG AubL THFE USUAL K-AX(S IK 3=D. IT
IS ALSQ THE USUAL AZIXUThAL ALGLE It SPHERICAL
" CCORD1IwnATES,

WRITE(%,®) EnTER TnE ORIELTATION (BETA,PHI) OF EACH CASING:®
DO 6 ICASINGS1,ACASING]
WRITE(6,%)" FUR CASINnG “,2CA8IiG
READ(IRUM,8) SETA(ICASING),PAI{ICASING)
IFCIRUNY GAELUInKITE(IRUNL,®) BETA(ICASING),PUI(ICASIG)
& CONTINVE . ‘

CONVERT ORIENTATIOUN PuFAETERS TC RADIAnS.
DO 7 ICASINGE1,LCASIG] ’
BETACICASING)EELTATICASING) €0EGTURAD

9 PHICICASING)=Pni(LCASI.GIFTESTURAD

READ IN YA< PCLE SIRENGTH S GF ZACh FCLE AuD THE LENGTH OF €2CH
POLE, (THE VATA FCR A ME« CASING ShOULD STIAET Ll A LEW UATA CAFD.)

RO 3 ICASING=3,sCASING]
NPELPOLELI(ICASLNG) -
#RITE(6,%)° TrREFE ARE “.5P, ® PGLE PAIRS In CASItG *,ICASiIvG
WRITE(5,*) E:TEX The POLE STKENGIWN/FCLE SEPAPATION (In METEF3)
3 OF eaCA”’ -
READ{IARUJI,®) (PULESCIFOLL,ICASING),LEUGTA(CIPOLE,1CASIAG),
1 IPULE=1,.P) ’ .
IFC(IRUNLI.NELD)
1 WRITE(InUL1,®) (PCLES(IPULE,ICASING),LEnGTh(IPOLE,ICASING),
2 IPOLE=1,..P)
1 CONTINIE

MULTIPLY POLE STREXKGIHS b} SO-E nELEVAMNT CONSTANTS,.

DO 11 ICASING=1,5CASILGE

NP=UPOLZY(ICESILG)

D0 11 -IPCLES1 P

CHYCIPULE,ICASING)=CONLVSIPOLES(IPOLE, ICASIIG)SFALO4PL
11 CULTINLUE

READ In TNE LIMIIS OF ZHE REGID: OF INIEPEST: ALSD GIVE THE
HUYBER OF Ll4TERvalS 10 EACH LI“FAW31I0% OF [at REGIUL,

wRITZ(0,¢)°GeFInE Tre REGIODEH UF INTEREST Lo 3=C:°

WRITE(6,8) 2N (En ThE LiITIAL ARD FlL.AL X~CGGADINVATES, AwD ThntE
1HUSSZA LF ISTEXVALS 1n X7 miPEAT FUP TRE Y ANL T-COORUIVATES:®
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READUIRUL ,4)XU,XF,INTX,YV,YF,INTY,20,2F, 12
IF(IRUNLNE UIWRITE(IRULL ,#)XV AF 550 X,Y0,Y,InTY,20,2F,1iT2

CHECK [0 SEE 1F T4E ALLOIED DIAzASICHS HAVE NOT 3I2ch EXCEEDED

IRTX1SINTKe)
IRTYISINTY+}
INTZIZINTZ+}

IE(INTYL L GToNX ORILTYL . GTL Y ORJINTZL.GTHZISIGP “HANYKRZ®

READ IN THE POSITION X31(13,Y3(1),21(1) OF A POLE IN EACH CASING.
THEN READ IN THE OISTANCE ALONG THE CASING OF ThE OTHER POLES:
STORE ZA1S5 INFORMALICN In XI(IPOLZ,ICASING). w~UTE THAT OHLY OHE
MEMBER CF EACHA PULE PAIR IS READ IKN HERE. ALSO NOTE THAT THE
DATA FOR A NEwW CASING SAQULD START ON A NEs DATA CARD,

DO 12 ICASING=1,NCASING)

NP=NPOLEL(ICASING)

wRITE(6,%)° ENTER THE POSITION tXx,¥,2) OF A POLE IN CASIXNG”,
1 ICASING

REAC(IRUN,*) X1(1,ICASIRG),Y1(Y, ICASING),Z21C1,ICASINKG)
IF(IRUNL.NE,O)

1 &RITECIRUNL,®) X31(1,ICASING),¥1(1,YICASING),Z1(3,ICASING)

00 12 1POLE=2,NP

ARITE(S,%)° EnTER THE TISTANCE (IN MZTERS) ALONG THIZ CASING CF THE
3 FIKST POLE OF POLE PAIR ,IPOLE,” AS MEASURED FROM 'HE FIRST
2 POLE DF POLE PAIR 1.7

READ{IRUN,®)XI(IPOLE,ICASING)

IFC(IRUNLLNE, 0)-R11£(1hd~1.’)&1(1?0b£ ICASItHG)

12 CONTINUE

24

IF(THISRUN.EQ, “INVEKSE®)COTD 16

CONVEKT THE LENGTH INFGRMATION STORED IN X1 TO CARTESIAN COORDINATES
USING IHE ORIENTATIONS OF THZ CASINGS.

DO 13 ICASINGE=1,NCASIKG]

NP&ENPOLZL (XCASING)

DO 13 IPOLE=2,MP

21(IPOLE,ICASING)®Z3(1,ICASTINHG)

1 LZ(X1CIPOLE,ICASI#G),BETACICASING))

Y1(IPOLE,ICASING)=Y1(1,ICASIAG)+

3 LY(XI(IPOLE,ICASING),BETACICASING),PRI{ICASING))

X1CIPILE,iCASING)=XL(1,X7TASING)

f LX(X3ICIPOLE,ICASING]),BETACICASING), PHI(ICASXNG))
13 COLTINUE .

CALCULATE THE POSITION OF THE SECOAD FOLE OF EACH POLE PAIR IN
EACH CASING.

DO 14 ITASING=1,NCASInG)

HPE=NPOLEL(ICASING)

00 14 IPOLE=1,LP
XZ2(IP0LL,LCASI%G)=X1LIPOLE,ICASING) ¢

1 LA(LE~GTACIPOLE,ICASIHG), BETALLICASING),PHICICASING))
Y2(IPULE,ICASINGY=Y 1 (IPCLE,ICASING)

1 LY(UENGTHULIPOLE ,ICA .i) ,BELA(LICASING), PHI'!CASING))
2(le0LE .ICAblab)sll(tPOLE ICASIxG)+

1 LZ(LEASTH(IPOLE,ICAST#G),3ETALICASINGY)

: [
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14 ConTINug

“HANNN

READ IN THE CU«<PU«EANLS CF THE EARTR’S NhAGNETIC FIELD:

6 ARITE(S,®)"ErTZ/ THE CILPILENTS X,Y,2 OF ThE GECMAGHETIC FIELD®
READ(IRUW, € )AZARIH, TEAKIN,2¢ARTR

. IFCIRUNL o hE D) aRITE IRVl 8 )AL ARTH, YEAKTH,ZERARTH

c -
HEARTHESORT(XEARTHOS 2 (EANTHSOY)
FEARINSSORI(NEARTR¥®2¢ZCARTLS82)

c

dRITE(6,*)°dOn MARY FIELD CU~PONENTS ARE 10U IGTERESTED Ia2?°
KREAC(IRUN, ®).4CCHPI ’
IFCIPUNL L E.O)WRITEC(IRU1,%)iCOAPY
IF(4CO%PLl . wE. V) ThET
WRITE(6,%) "aMAT. FIELD CLAPODNENTS ARE YOU INTERESTED In?
1 (X,Y,2,H,F). EnTER EACH COMPOLENT NAME AND PRESS <RETIURED
e AFTER EACHn.” .
DU 437 ICC»P=],nNCU~PI
437 READ(IRUN,433)CONPLICONP)
43) FORMAT(A)
IF(IRUNL.NELOQ)THEY
D0 435 ICOsP=1,aCO%PY

435 ¢RITECIRLV],434)CO0F (ICOAP)
434 FDREAT(A) .
ENDIF
ENDIF

®RITE(6,8)°HTw MANY FILLD DERIVATIVES ARE YUU IMTERESTED IN2?2°
REALCIRU:, ¢)aDER]IVY
TIFCQIPUIL G eELD)ARITECIRUNT,,®)INDERIVY
IF(ADERIVI WD) THIN -
ARITE(2,9)%anICh FIELD VERIVATIVES AR Y34 JIATESESTED 1.2
1 (UFDX,0FDY,DFDZ,DXDX,DX0Y,LX0E,0YVX,0Y0Y,CYDL,020K,D20Y,L2D02)°
IDERIVIZNCU-P1+)
JUENIV2EICoONPlenuER]IV]
DO 438 IDERIV=IDERIVI,IDERIV2
4138 READ(IAVN,433)ITMP(ILERLIV)
IFCIRUNLLHE.O)THEN
DU 436 (DERIVZ=IDERIV1,IDERIV2
436 SRITE(IRUNL,«33)COMP(IDERIV)
ENDLF
ENUVIF
SRITEC6,%) anaAT IS THE F(O) VALUE TU BE SUBIPACTIEDL FROw F°
READ(IRYnu,¢) e’ CORY
IFC(IRUNL E.0)akITE(IPUN],8)FCURK

c .
SCOMPSIENCOuPLlebDLERTIVE .
IF(XCOMPS1.£2.0)5IUP~ " 5C0APSL”

c
LF(TNISRUN EU,"IaVERSE ) THER

(o .

C IRITIALIZE YAT PARARCIEF ARRAY 3PARAMS(IPanaN) kERE

C USING THE JATA JUST Reld Ih.

c

DU 20 ICAS1%G=1,nCR3IINGY

CO 20 1PULESL,%vrulil(ICASING)
IF(IPILE.Ev,. L) nE:

fzlei

Reproduced from {7;73
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BPARAS(L)SScTACICASING)
BNDCL)=APARA<5(1)
Iciel
BPARAYS([)I=PuL(ICASIANG)
BO(1)SGPARAMS (1)
Izl .
BPAKANS(I)I=CAU(IPLLE,ICASING)
DOCL)ISSPARANS(])
I=Ie¢}
BPARAAS(IISX1(IPOLE,ICASINLG)
BO(I)=SPARANS(I)
Ixzfe}
BPARAMS(I)=YLI(IPOLE,ICASING)
BOCI)SOPARANS(I)
Izl
BPARAMS([)=21(1P3LE,ICASING)
B80(1)=dPaArRANS({)
I=Iel
BPARAMS(1)SLENGTH(IPULE,ICASIANG)
BO(1)=BPARAMS(])
ELSE
Islel
BPARAKS(1)=CrU(IPOLE,ICASING)
BOCI)SEPARAMS(I)
Ixlel
BPARAMS(II=X1(IPULE,ITASIANG)
BOCI)EBPARANSCI)
iI=le1
BPARARS(I)=LENLGTH(IPOLE,ICASING)
BO(X)=uPARAMSL])
ENOIF

20 CCHUTINUE
ILAST=l -
Ixle}
BPARAAS(IIBSACARTIH
BOCX)ZBOFARAAS(Z)
IzIe}
BPARAAS(LIESYZARIH
BO(IN=LPARANS(I)
Islel
DPARAMS(II®ZZEARTH
BOCI)25PARASS(I)
x0=(

IFCIRANDO“  NELO)ThEN
pO 303 1I89=1,10-3
RANCOME2,%(,S=RAL(ISEEL))
303 BOCIBO)I=BO(IHUYS(1.+PLRCENT(L)SRANDOY)
00 304 130=Iv~2,10 :
RANDOV=2,.8(,.S*RAN(ISEED))
304 80(ILC)=50(150)8(3cePLKCENT(2)PRANDON)
. FENDIF -

ENDIF

V803V EV6005900084428300 ..U UF UATA INPUTSSS0 003000088850 30 008000

nNnanNGnNaNn N

PRINT OUT TdE IhPUT.DAII:
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14
WRITE(G6,30)INCASING)
80 FORNAT( 1dUs3er UF CA3Li351°13,/)
V0 60 ICA5inG=31,*CASING]
wRITEC6,31)ICAST. G, 2ETALICASING),PHAT(ICASTIAG)
51 FORYACL(® CAS1.4G="1J3,5X"URIE“TATION: BETA(RADI="FS.2,°,",37,
3 % PHICRaD)IZ’FS5.2/).
WRITE(b,53)
$) FORAAT(" POLE"SX"SIHE«GTRH’ 7x'9051110u(x ¥,2)°9C°LENGTH"/)
¥RITE(6,52)(IVGLE,PCLES(LPOLE,ICASING).,
3 X31()IPOLE,ICASING),YI(IPUOLL,ICASING),21(1POLE,ICASTLG),
2 LENGTU(IPGLE,ICALING) , X2(IPILE,ICASIEG),Y2CIPILE, ICASING)
3 ,22(IPOLE,ICASING),,IPDLE=Y ,IPOLEICICASIIG)Y)
52 FORAAT((1Nn 12,5X,4F32.3,24,F10.3.7,1h 16X,3F10.3))
‘60 CONTI®U&

BRITC(6,63)XKU, XF,ISNTX,Y0,YF,INTY,20,2F,1R72
61 FORMAT(® THL REGICK OF INLEREST 1S8:7/

1 SX * X~LIMITS:"1X,2(F8.3,1X),I3" INTERVALS®/

4 55X 7 YeLIVITS:"1X,2(F8.3,1X),13° INTERVALS®/

3 55X % ZeLIMITS:°1X,2(r8,3,1X),11° INTERVALS®//)
c .
g PRINT OQUT THE GEJHAGANETIC FIELD CORPOMILNIS

WRITE(6,82 s XEARTH,YEARTH,ZEARTH, HEARTH,FEARTH
82 FORMAT(® THE COMNPOHENTS (X,Y¥,2,H,F) OF TWE CEOMAGMELIC FIELD ARE:®
1.1X:/, 'SCE12.4,1X)27)

C PRINT OUT ThE COMPOIENTS RECQUESIED

Cc
WRITE(6,%)° THZ FOLLURING CCHPOMENTS HAVE 8EEN REQUESIED:®
dRITE(G.')(CGVP(IJ Iz1,4C04PS1)

,.C

C END OF PRIATING OF INPUT DATA

<
IF(THISRUN,EQ, "INVERSE" )RLTUR\

C

90 63 Inakgel,nCO¥PS
63 NAHESO(IH&AE}’INAPS

SET UP THE FINITE LIFFEKENCE GRIO.

IF(INTXLHEL,O0)THEN
ODXZ(XF=X0)/InTX
ELSE

DXx=0.

ENDIF

JECINTY  EL0)THEY
DY=(YF=Y0)/INTY
ELSE

DY=6.

ENDIF
IFCINTZ.dE.0)THLYN
0Z=(2ZF=-202/1:T2
ELSE

bize,

ENDIF

DD 2% Ixsy,infLl
21 XCIX)=Xue(Ix=1)8DX
00 22 lysg,iv1y}.
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22

22
C
C PRO
C RIv
C

LLIY)I=Y0e(2Y-1)OLY
DO 23 I2=:,1aT21
2(12)=20¢(1Z~i)%02

CEED T0 CALCULATE THE MAGKETIC FIZLD COMFONENTS &Anl THIIK DE-
ATIVES FUR IHE SPECIFILD DISTAILUTION OF PULES Anu CASIZGS.

C SET UP THE 1ILJECES FOR THE NECUESTED CCAPOUENTS
€

73

D0 73 1C=1,NCU=ESI
DO 73 IWAKE=Z),NCG4PS
IFC(CORMPOUINASE) . EQ.CONP{IC)INALESO(INAVFE)RIC

D0 33 IF=1,NCuUMPS]

DC 33 ICASInG=1,0uCaSIKGE

NP=NPOLE1(ICASIAG)

DO 33 IPOLE=L, O

DO 31 IX=z),XieIX])

DO 31 IY=1,IsTY1

DO 31 1Z=1,INTZ1

IF(COSP(IF).SU. "X")IHEN
FIEIOSCIN,IY,32,1F)BFIELuUS(IX, IY,12,1F)e

1 BX(X(IX),YCIY),2012),X: IPCLE,ICASING),YI(XPOLE,ICASTING),
2 Z1(IPCLE,ICASING) , X2(IPOLE,ICASING),Y2(IPCGLE,ICASTING),
3 22(IPULE,ICASING),1POLE,ICLSING)
ELSEIF(COMPUIF)EG, Y )THEN
FIELDS(IX,1Y,12,1F)=F1CLOSCIX,IY,IZ,1IF)e

L BY(XCIX),Y(XY),2(12),XL(IPCLE,ICASING),YI(IFOLE,ICARLI.IG),
d Z1CIPOLE,ICASING) ,X2(IPULE,L,ICASING) ,Y2CIPOLE,ICRSTWG),
3 22(1P0LE (1CASTILG), IPOLE,ICASING)

- ELSEIF{COXP(IF}EU."2°)ITRES

FIELUSIIX,1Y,12,IF)sFIELDS(IX,1IY,IZ.1F)¢

1 B2(X(IX),Y(I1),2(22)XI(IPCLE,ICASING),YICIPOLE,ICASL G),

2 21CLPOLE,ICASING) , X20IPFRLE,ICASING) , Y2(IPOLE,1CASI~G),

3 Z2(IPOLE,ICASInG),IPCLE,ICASING)
ELSEIF(CO“P(IF).EC.'CXDX*)THEN
FIELDS(IX,I(,1Z,1IF)=FILLOSCIX,XY,IZ,1F)e

3 DXDX(X(IX),f(IY¥),2(52),X3{IPCLE,ICASING),.YI(IPOLE,ICASI%NG),

2 ZACIPOLE, ICASING) , A2 {IPOLE,ICASING) (F2(1POLE.ICASING),

3 Z2(IPOLE,ICASING),IPOLE,ICASING)

ELSEIF(CO“P(IF).EQ. DXDY*)THEN
FIELDS{IK,1Y,12,1F)=F1CLDS(1X,1Y,12,1F)¢

$ OXOY(X(IX),Y(IY),2(12),X1CIPCLE,ICASING), YV LIPCLE,ICASING),

2 Z1CIPOLE, ICASING) , X2(IPOLE,ZCASING), Y2LIPOLEICASIS),

3 22(IPOLE,ICASIG) IPCLE,ICASING)

LEEIF(COMPIIF) JEC,°BXD27ITHES
FIELDSCIX,XY,12,IF)2FIELDS(IX,1Y,I2.IF)+

1 OXDZ(X(IX),Y(IY),2(12),73CIPULE,ICASING),YI(1PULE,ICASLING),

2 Z1(IPOLE,ICASTIHG) , X2(IPCLE,ICASING),Y2(1IPOLE,ICASIKC]),

3 22(XPOLZ, 1CASTIwG), IPULELICASING)

ELSELIF(CO4P(If) EG.°DYUX®)THEH

FIELDSCIX,IY,12,0F)=FIELOS{IX,1Y,IZ,IF)e

1 DYOX(X(24),¥C1¢),2(I2),X1CLPOLE,JCASING),YICIPSLE.XCASING),

2 2Z1(IPOLE, ICASING) , X2(IPULE,ICASING) ,Y2(IPOLE,ICASIAG),

3 22(1POLE,ICASING) , IPOLE, ICASING)
ELSEIF(CO“P(1F). L. DYDY’ )THES
FRELOSCLIA, XY, (Z,IF) FIELUS(TA,IY,12,IF)e

$ DYDY(X(EIX),Y(L7),2(12),A1C2POLE,ICASING),Y1(IPOLE,LCASINC),

2 ZICIPILE,ICASING) ,X2(TPOLE,ICASING ), Y2(IPOLEL,ICAST ),

3 22(IPOLE,LCASEING), (PLLE,ICASTHG)
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ELSTIF(CGAP(IF).EQ,CYDZ")ITnEw
FIELDSCIX, LY, 12, iF)=FISLLSCIX,1Y,12,1F)

T DYDLUIX(IX), Y(UY),2€012),X1CIPOLE,ICASING), YL (IFCLE,ICASIG),

2 Z1(IPOLF,ICASING) (X2(IPULE, ICASING),Y2(IPOLE,JCASI%G),

-3 Z2(1POLY,1CASING),IPCLE,ICASING)
ELSEIF(CUYRLIF).EV,"DZVX ) TnE
FIELOSCIX, 1Y, I2,1IF)=FIELUSCIX,IY,IZ2,1IF)

3 D20X(XCIX),Y(1Y),Z(12),41CIPOLE,ICASING),YI(IPOLE,ICASING),

2 Z1CIPCLE,ICASING , X2(IPOLE,ICASLG),Y2(UIPOLE,ICASING),

3 Z2(IPOLE, ICASING) ,1PULE, ICASTING)
ELSEIT(COAP(IF).EQ,."CuD?’)ThERN
FIELDS(IX,XY,IZ,IF)=FIELOS(IX,1Y¥,12,1F)¢

1 DZDY(X(YX),Y(1Y),Z(I2),X1(IPOLE,ICASING),YIC(IFOLFE,ICASING),

2 Z1(IPOLE,ICASING),X2(IPOLE,JCASING),Y2(IFOLE,ICASING),

3 22(IPOLE,ICA321G),IPOLE,ICASING)
ELSEIF(COAP(IF).EV.OZDZ*ITHEN
FIELDS(IX,1Y,1Z,IF)=FIELDS(1I4,1Y,IZ,1F)«+ :
1 DZ02{XCIX),Y(I¥},2(12),X1CiPOLE,ICASING), Y LiPOLE,ICASING),

2 Z1CIPOLE,ICASING) ,X2(1IPOLE, ICASING),Y2(IPILY,ICASING),

3 22(IPOLE,ICASING) ,IPOLE, ICASING)

ERDIF
31 CONTINVE
33 CONTINUE

ADD IN THE EARTH®S AAGHETIC FIELY

DG 42 IF=1,3COMPSY
DO 42 IX=1,InTX1
D0 42 IY=1,I%TY}
Co 42 12=1,1MT21 ’ .
IF(COSPILF)LESL "X )THEN .
FIELDS(IK,X7,12,1F)FIELDSLIX,2Y,12Z,IF)oXEARTH
ELSEIF(COMP(IF)LEYL Y ) THER
FIELOSCIX,IY,XI2,IF)=FIELDSCIX,Y,I2,IF)*YZARTH
ELEEIF(COMPLIF)EQL"27)THEN *
FIELDS(IX, 17, XZ,IF)=FIELOSCIX,LIY,IZ,IF)+ZEARTH
ENDIF

42 CONTINUE

00 43 IF=],NCO4PS]1
DO 41 IX=1,X47X1
DO €1 lvy=1,IuiyYt
DO 4% I[2=1,1.T21
IF(COMPLIF)L.ES, “A°)THEN
FIELDS(IX,1Y,1Z,iF)=
1 SQRTI(FIZLDSCIX,1Y,1Z,IFX)%%2¢
2 - FIELDS(IX41Y,12,1IFY)"*2)
ELSEIF(COMP(IF).EQ."F )THEN
FIELLOS(IX,XY,32,1IF)=
3 SORT(FICLDOS(IX,1Y,22,1IFX)*%2 «
2 FIELDS(LIX,3Y, 1Z,IFYIs®2 o
3 FISLOS(ix,1v,1Z2,IF2)%%2 )
ELSCIFCCO-P (L7 T2, "0FUX")ThER
FIELOSCIL,IY,12,1F)=
1 (FIELOS(TIX, 1Y, 12, LFX)®FIELLS(IX 1Y, 22, 1FDXLX)*
2 FLELOSCIA, 1Y, 12,150 8FLELTSUIX, Y, 12,1FDYDX)
'3 FI<LOSCIX,I1Y,12,172)FLeLusS(LA,11,12,3F0LnX))2
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4 FIELDS(IX,1¥,12,1IFF)
ELSEIF(CO-F(IF)cUL’DFDY ") Thin
FIELDS(IX,1%,12,IiF)=

2 (FIELDSCIX, 1Y, 14,1IFX)SFIELOSCIL,XY,012,IFDXDY)e

.2 FIELOSUEX,1(,12,IFY)SFIELDSCIX,X(,12,IFDYDY )

3 FIELOS(IX,1Y,I2,IFZ)sFIZLOS(IX,1Y,L82,1FD2DY))/

4 FIELDS(IX,IY,12,1FF)
ELSEIF(CO4P(IF).EC."DFOZ"ITHEN
FIELDOS(IX,IY,12,1F)=.

1 (FIELOS(IX, IY, 12,IFX)SFIELOSCIX,17,12,IFDX02)»

@ FLELOS(IX,I( IZ,EF%)°FIELOSCIX,IY,LZ,IF0Y0Z)e

3 FIELCS(IX,IY,1Z,IF2)¢r1eloSC(IX,1Y,22,IFD202))/

4 FIELOS(IX,1Y,12,1FF)

ENDIF
41 CONTINUE
[ o
IFCIRECORD  NE,O)THEN
DO 801 1lF=31,nCO¥PS1
801 WRITE(IRECURD,8C0)((\ FIELDS(XIX,1Y,12,1F),

1 XCIX),Y(1Y),2(12),CCHP(1F),

2 IX1,14TX1),2Y=1,IN87Y1),1251,INTZ1)Y
ENDIF
IFCIRANDON ,RELO)THEN
0O 310 X¢=1,wCONPS]

DO 310 IX=1,InTX)
00 310 1y=31,I'TY¢}
DO 310 12=i,§1T21
RANDOK=2,8(.S=RPAN(ISEED))
310 FIELDSCIX,21Y,12,IF)SFIELUS(IX,1IT,IZ,IF)* (1. +PERCEUT(LI)SRANLON)
00 §01% IF=s1,.CO%PSH,
s01 sRITECIRAADO,&00)((( FIZLDS(IX,XY,IZ.1F),

1 XKCIX),YC(IY),Z2(X2),CO%PCIF), .
2 IXs) ,LUTXL),IXSS, INTXL),22=1,2KT2L
ENDIF
80¢C FOGR”AT(4E16.8,1X,A5?
o
c *
C

Cee380983308°88 START OF PLOCITING SECTIC! SSSSSER40442S8ECESCREIFNESETS
c

€ PLCT THE REGUESTED DATA:

c
WRITE(6,5) ° DO YOU «ISH TO PLOT A FUMNCTIOn? 1=YES?
1 ANY DTIHMER HuNiiIC KEY = K0°
IRUNZS

SO READCIRUS, $)GIU

IF(GO0N.Z22.1)THEN
c
€ SET UP [HE PLUTTILG DATA
4

WRITE(6,5)° STARTING ~PLOT NUMBER:’,IPLOT

WRITE(O,%) wHICH CO“PONENT OO0 YOU waNT TO PLOT??
PEADCIRYI,GI3INOHP

aRiIfE(S,4)°s<ICH UIReECTIUN DO YOU «ANT TO PLOT2C
READ(IRUN,S33)DIRXY2

WRITE(6,¢)° CHLTER THE IMUECES GF THE OTHER T«U CIRECTIONS THAT
1 wILL UEFlie Twe LInE UF #LOTIYING:.
REAUCIRI, %) iwe k], 1=DEX2

CALL PLLTIC(AU P, DXP,DYP, FIELOS ,XYZ, 14,47 ,%2,%X2122,C04P,
1 IPLNT, L 07al Ll Yd  INIZE ,nCUYPSY, DIRXYZ, 1N, 100242,

2 IUIR,PLOLINIS,HP)
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‘e

WRITE(S5.%) ° BG 10U «adT D PLOT ThHESE VALUES?

1 1=2YES, ALY uldIk Lu*FERIC KEY=a0”

READ(IRUMN,®)GTUE
IF(GO0U,iE. 1) INEN
IPLOT=IPLIT=]
GO0TD 71

ENDIF

"€ SETUP THE PLOTTILG SIAULATION

c

991

$92

© 993

"

ISL(1)=1 . .
WRITE(6,*) E:TER THEZ PLOTTING DEVICE KUMBER:®
READ(IRUN,®)[PLUTH

WRITE(6,¢)“EsTER TITLE OF P8OT:*
READ (JIRUL,®t)PTIILE

WRITE(S,*) ESTEF TITLE OF X=AX1S”®
READ (IRUN,®)7CITLE

WRITE(6,%)°T~TER TITLE OFf Y=-AXIS*
BEAD (IRLM,$)YTITLE

CALL PLTSZT(IPLOTR,XBOARD,YBIARD,ISL)
NOPTS=4

XP(4)=X8UARD

YP(4)=YBI4ARD

XP(3)=2.

YP(3)=2.

XP(2)=0,

YP(2)=v.

XP(1)=XP(d)=XP(3)~1.

YP(1)=1P(4)=¥P(3)=.5
ICou=90
IPN=Q

IFCIPLOTR.ZG.1) CALL TEKSETU?

CALL SCALE(DXP,0fP.XP,YP,nIFTS,iER)

CALL LINECAYZ(1,i01R),PLUTTARIS, P, ICON,IPN)
ENCODE(%J,951,IXTITLE) XTITLE -

FORMATC(ASVY)

CALL VCHAR(4.2,.9,IXTITLE.40,3,.1,0.,0.,0.)

ENCODE(49,992,IYTITLE) YTITLE

FORMAT(A40)

CALL VCHAR(1.,2.1,IYTITLE,40,3,.1,1.5706,0,.,0,)

ENCNDE(420,993,1PTITILE) PIITLE

FORMAT(AGD)

YPOS=YP(4)~.1

CALL vCHAR(Y,,YPCS,IFTITLE,40,3,.1,0.,0.,0.)

" DELY=(DYP(2)~CYPI1))/10

DELX=(DXP(2)=0XP(1)]}/32

Slzg=,1

Ip=2 -

FUT=°(F7.1)°

NENT=T

CALL XAXIS(OXP,LYP.XP,DELA,IP,SIZE,\PEF(FHT),iFnT)
CALL YAXISCULYP, VAP, YP,UELY,1P,SIZL,4REF(FNT), HFHT)
CALL #EAFL

CaLL =8DPr(1f)

CALL VTiwy

ARITr(9,%)°00 1UL eANT AnGIHLR PLOT? 1I=YE3, A%NY CIanER NEY=C
GOIU %Y . : .

ENOIF .

Reproduced from e
best available copy. e
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62 COMTIAUE
C
(o
C END OF CASINGSF
IF(THISRUN.EQ.“FORVARD® IRETURN
ENUVIF -
(o
C COSPUSREISREPASLISIALECINNING OF JHNVERSE PRDGRAMCGIFTESSISREISOTITISSSIS
[+
1=0
DO 500 ICASIKG=],MCASIKGI
DO S00 IPOLE=1,HPOLELI(ICASING)

IF(IPOLE.EQ.L)THEN

IPARAML=Z=TY

ELSE

IPARAML=3

ENDIF

DO 500 IPARAA=1,IPARANI

I=Iel ‘

P(IPARANM, IPCLE,ICASING)=BPARANS(])
S00 COKTINUE

DO 600 ICASING=1,NCASING]

BETA{ICASING)=P(1,1,ICASING)

PHICICASING)=P(2,1,ICASING)

CMU(1,ICASING)=P(],1,1CASING)
X1(1,ICASING)=P(4,1,ICASING)
Y1(1,ICASING)=P(5,1,ICASIHG)
Z1(1,ICASING)=P(6,1,ICASING)

o LENGTH(1,ICASIAG)=P(T7,1,ICASING)

X2(1,ICASING)=X1(1,ICASING)SLXCLENGTH (L, ICASING),

1 BETA(ICASING),PHICICASING))
¥Y2(1,ICASING)=Y31(1,ICASINGI+LY(LENGTH(1,ICASING),

1 BETA(ICASING),PHI(ICASING))
Z2(1,ICASIAHG)=23¢1,ICASING)+LZ(LENGTH(L,ICASING],

1 BETA(ICASING))

DO 700 IPULE=2,NPCLF1(XCASING)
CMU(IPOLE,ICASING)=P(1,IPOLE,XCASING)
X1(IPOLE,ICASING)=P(2,IPCLE,ICASIKS)
Z1(IPOLE,ICASING)=Z1(1,ICASING)*

1 LZ(X1(IPOLE,JCASING),BETA(ICASING))
YI(IPOLE,ICASING)=YL(], ICASI&G)0

b3 bY(Xl(lPOLE.ICASIhG) BETA(ICASING),PHICICASING))
X31C(IPO0LE,ICASING)=X1(3,ICASIKG)

1 bX(XI(IPDLE.ICASING).BETAKICASING)aPHl(ICﬂSING’)
LEAGTH(IPOLE,ICASINGY=P(3,IPNLE,ICASING)
X2(IPOLE,ICASING)=X3(IPULE,ICASIXG)*

1 LXC(LENGTH(IPGLE,ICASING), SETA(XCASXNG)r’HI(ICASX*G))
Y2(IPOLE,XCASING)={1(IPOLE,ICASING) e

3 LY(LENGTH(IPOLE,ICASING),BETA{ICASING),PHI{ICASING))
22(3POLE.ICASING)=21(IPOLE.ICASIHG)0

1 LZILENGTH(IPCLE,ICASING),BETA(ICASING))

700 CONTINUE

600 CONTINUE
XEARTASBPARAKS(ILAST+Y)
YEARTH=EPARAAS(ILAST®2)

ZEARTH=2BPARALS(ILAST 3,
HEARTH=SORT(XEAPTHIS20YEARTH®#2)
FEARTH=SORI(HEARTHES2¢2EARTHI42)

EVALULTE THE FIELD COKPONENTS FGR THE GIVEN DATA POINT

NnNnN
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nan Aannan

NnNn

16

END

THI

INJuzIn

XKCASINGOSXEARTS

YCASIUO0=TEART

LCASInIU=ZEAR A :
IFCIYPECT ) LEV.7 ® JIYEE(IN)=TYPE(In=}1)

00 18 IC=1,ACASIuG)

U0 18 1P=21,N5PuLELIIC) : .
IFQ(IYPE(Ls)Ec."X *OR.TYPE(IN) EJ,.°F ®)THEN
XCASINGO = XCaS1XGO o

1 BX(XINCIN,1),XIN(Lie,2),XTI5u(2A,2),
2 X1((P,IC) YI(IP.IC),21C1P,IC),
3 X2(1P,IC),72CXP,1C),22(1IP,1C),1P,IC)

ENDIF

IF(TYPE(IN)ER.Y TeORTIPE(IN) JEG,.F “ITHEN
YCASLGO & YCASIANGD ¢

1 BY(XINCIN, 3, XINCIN,2),XKINCIN,23,
2 X1(IP,1C),Y1(IF,IC),2101P,IC),
3 X201P,1C),Y2(2P,1C),2401IP,1IC),2P,IC)

ENDIF

IF(TYPS(IN) U, 2 *eOR.TYPE(IN) ,£0.°F CITYSS
ZCASINGD = 2ZCASINGO

g BLCXINCI4,1),XI0:CL%,2),X20C1N,3),
2 X3(IP,IC).¥I(IP,IC),21(1IP,IC),

3 X2CIP,1CY, ¥2CIP,IC),22€(1P,1IC),1P,IC)

ENDIF ?

CONTINUE

IF(TYPE(IN).EV.°F CITHEN

TCASINGY B(SORT(XCASIAGUS®2+4YCRSINGNTS242CAS14G0%82))«FCORRK
ENDIF .

IFCTYPECIN) V. X *ITHEY
ECALSSXCASIAGY
ELSEIFC(TIPE(IN).EC. Y *ITHEN
FCALC=ICASINnGO :
ELSEIF{1YPE(In).EC."2Z ®ITHEN

FCALC=2CAaSi .G *
ELSEIF(TIPLIIV)EQ. F ®ITHESN

FCALLC=1CASLILGO

ERDIF

OF INVERSZ RCUTINE

RETU&A
END

. -
SUSRQUTINE PLOTI
1 (KO4P,0XP,9YP ,FIELOS, XYZ, MK, 1Y, 0Z,RXKPYPZ,CONF,
2 1PLOT, INTAL, I5TYL o INT2ZY,06COMPSE,OIPXYZ,INCEXS,IRDEX2,
3 101+#,PLO0TTHIS,nP)

& ROUTIuE FREPARES TO PLUI THEL HEQUESTED DATA

DIYENSID OXP(1),0YP(1),FIELDSINK, %Y, HZ,1)
DIvEIESLD: PLATTHISC(L),UIR(1),XY2(iAPYPZ,1)
CnARACTERI®S CIFAYZ,KurP,Cusb(l)

Reproduced from SN
best available cory. & -
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C
€ FIND THZ COAPONEST T0 EE FLOTYED
C
00 5 IC=1,CN:FSY
WRITE(S5,%)XC4@,C0%P(1C), IC,1.CONPSY
$ IF(CURP(IC).CO.RDUFIIXINFRIC
WRITE(6,8%) “IKU4P",IXO>P

c
C SELECT IHE DIKECTION OF PLOTTING
C
Ip=0
IF(DIRXY2.EQ.“X")ThEN
IEND=INTX] ’
IDIR=1
DO 1 IX=1,INTX)
IP=IPel
1 PLOITHIS(IPI=FIELDS(IX,INDEXY,INUDEX2,IKONP)
NP=14TX12
ELSSIF{CIRXYZ.EQ,“Y°)THEN
JEND=INTYL
IDIR=2 : .
DO T 1YE1,InTVl . .
IP=iPel
2 PLOITHAIS(IP)=FIELDS(INVEXL,1Y,INDEX2,IKCMP)
NP=INTYS )
ELSZIF(DIRXKYZ.ED,"Z°)THE
JEND=INTZT
IDIR=]3 *
D0 3 1Z=1,1IK122
IP=[Pe} .

3 YLOSTHISCIP)=FIELDSCINDEXY,1%0EX2,32,IKCAF)
NPSINTZY )
EMDIF
DXP(L)=X5y2(1,101IR)

OXP(2)=XYZ(LZiD,101K)

DYP(1)=PLCTINIS())

DYIP()I=PLLTTHIS(1)

DO &4 1I?31,i/P

DYPC1)=%1i (DYF(1),PLOTTHIS(IP))

4 DYP(2)=*aX(DYF(2),PLOTTHIS(IP))
BRITE(6,2)° THE «IN1iA/RAXIYA OF THE ARDAY TO SE PLOTTIED ARE:”
wWRITE (6,®)0Yf(1),0YP(2)

WRITE(0,4)° InE VALULES REIvG #LCITcD APE:’
- WRETE(H, %) (PLCTTHIS(IP),IPEl,aP)

RETIURN

END

nan

SUBROUTINE SUZENMD(YOBS, A1%CEP,2PERA~S,KNAX,AC6S, TITLE,IOUT)
DIMESNSIO™ Y0aS(1),XISDEP(NUES,4)  2PARANS(1),a(S5),18(1)
CHARACTER®*5H TITLE
@RITE(16,313)
313 FORMAT(3X, "FINAL PAki5)
ARITE(1S,314)(I,nPARRGS(T),I=1,K"aX)
314 FURMAT(13,5X,815.5)
RETUR
EM.RY PCUDE(P, X, BPAPLENS,,»,F,IN,1P,16)
RETUR:
ENTRY SUSZ(YSHS,XLiiDEP,8PRRANS,¥,adUN, 085, TITLE,1NUT)
RETYRN
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END .
subroutine tersetuc
- wpite(v,“(ine,&,8)") cnar(273/7/7° 2-//:her(”1)/l (2J I44

.- chari27)7/7°1°/7/cearllz)//ehati21)/7°%°/ 7
‘o cnnr(27)//‘0’Ilcnar(¢7)//cnar(12)
end

SUBROUTIE VI100
arite(s,”(1x,8,8)°) cnar(27)7/7"1°//¢chari2)7/

. cﬁar(27)//*0';/:5.:(21)//cnar(12)//cnar(27)//'0'11
. chnr(??)//""/lcnar(Z’)/l e2°77

. enar(21)/s7°2%°//7¢crer(27)//7°L20° Ilchar(Z?)/l [

' .end

INTEGER FU«CTION SLEN(SIRING)

CHARACTER® (%) STRI

oo 19 !=L£u(STR1“r) 1,-1
IF(STRING(I:I).NE."

SLEK=1 e
. RETURN et e
CHDIF
CONTINUE
SLENZ}
RETURHN
ENG

Reproduced from
est _available copy.
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APPENDIX 11
TIME AND COST ESTIMATES FOR MAGNETIC SURVEYS

The time and costs of magnetic surveys designed to locate wells are
difficult to estimate. Contractors have not had experience in making surveys
with the requirad specification, and actual costs would be highly dependert on
the location, size, and peculiarities of the specific area. The following
estimates can be used as a guide to relative costs and rates of production,
but the actual numbers would be used with great caution in planniny potential
work. »

For small areas, where access is good, it would be more cost effective to
use ground surveys than airborne surveys. Using a memory magnetometer, in
which readings can be stored for later retrieval, and assuming a station spac-
ing of 25 feet (7.6 m) one person can measure about four stations/minuta or
cover about 6,000 feet (1,820 m) per hour in sparsely vegetated, flat terrain.
Additional time would be required to take more than one reading at a station
or to make measurements at additional stations when anomalies are found. By
use of a digitally racording base station and a desk top computer and plotter,
data could be processed and plotted at the local field office or at the crews'
1iving accommodations. Thus, problems could be identified and anomalies eval-
uated while the crew was in the field area.

If surveying could be done adequately by use of a magnetic compass for
direction and a "hip chain" (which leaves a cotton thread behind) for distance,
with occasional use of more accurate instruments to establish reference points,
two persons could survev and make magnetic measurements in about the same
amount of time as required for one person to make only measurements. If this
method were not sufficiently accurate or could not be used in the area of
interest for other reasons, surveying and marking station locations would
likely require considerably more time than the actual magnetic measurements.

The cost for a two-person crew including salaries, living expenses, vehi-
cle, equipment rental, supplies, and overhead, but not inrluding mubilization
to the field site, would be on the order of at least $10,000/4 weeks (1983
costs). By working a reasonable amount of overtime this crew might c<urvey,
process, and plot a maximum of 160-line miles in 4 weeks. If a line spacing of
50 feet (15.2 m) were used, this would cover an area of 1.52 square miles (3.94
km¢). This represents a cost of $6,600/square mile (2.59 kmZ) covered and
$62.50/1ine-mile (38.84/1ine-km). This is less than one-half the line-mile
costs given by Senti (1962) for mineral exploration, but much mineral explcra-
tion is done in heavily vegetated terrain. Rates of production would be less
and costs greater if the crew had to spend time in obtaining landowrer's
authorization for access to the land or if the crew interpreted the results ard
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did zdditional detailed work to "pin-point" the location of suspected casings
or investigate questionable anomalies. -

For areas larger than a few square miles, airborne surveys are likely to
be considerably less expensive than ground surveys. Although the costs per
line miie may be roughly comparable for ground surveys and specialized airborne
surveys., the line spacing can be much greater for airborne surveys. Airborne
surveys are not practical for very small areas due to the high costs of mobil-
ization,

Costs for routine aeromagnetic surveys using small fixed-wing aircraft are
on the order of $8-14/1ine-nile ($5-9/1ine-km), including data orocessing -
provided: 1) several thousand line miles are flown in one block, 2) the lines
are at lteast 10-20 miles (16-32 km) long, and 3) Doppler ra ar and photographic
methods are used for flight path recovery. The ccsts for siwmilar work done
with rotary-wing aircraft are about $25-30/line-mile {$16-19/1ine-km). Costs
per line mile are much greater if th- lines are sncrt and the areas small end
if a microwave navigation system is requirec.

Following are the rough costs, based largely on informal discussion with a
particular contractor, for surveying using a rotary-wing aircraft and a micro-
wavegniOigation system:

Installation and remcval of equipment from aircraft.......eeeeeeecess.$ 10,500

Helicobier standby time during installation and mobilization
tc area including up to 14 hours of flight time.......;f............$ 7,000

Surveying, p]acement; and maintainence of transponderS...cccecssccses.$ 3,000
Fou¥ days in field, cquipment and crew at $2,000/day.cceessssscecec-s.$ 8,000
Ten hours flight time at $500/hour for helicopter and pilot.seeeeees..$ 5,000
Rent of microwave navigation system, one month minimum at

$5,000/MONth. cceveceeccaces.cnnncscasssnsoscsescassssasscsssnccsceescd 5,000

Supp]ies and computerll..............l.‘.....l'.......Q...l.'.'......‘ 1 500
Total $ 40,000
Line miles flOWN.ceieere-sestanscronanse 400
- Cost per 1ine mile..ccecetceacncencrcasces 100
- Area flown (420 ft spacing)...eee...30.3 sq. mi.
"20St per Sq. Miceeeecseecocsaseeaceeasssd 1,320
Using the same mobilization costs and assuming that four weeks were spent
in the field to do a large project, the costs for the same system would be
roughly:

Total cost including 56 hours of production flyingesecesesssscsecsess$125,000
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Line miles f]own....................................;.;............... 2,000
Cost per line mi]e...............;....................................$ §2.50
Ared floWN.eieceeoscossnsesessssccsosacs-osrssscascasssasanesssealdl.52 sq. mi.
COSt Per SQ. Miceceeecccsessassecscsscsnasscssssnsssssosssescssasaneasd 825

Similar costs were mentioned by other contractors; some items were less
and some more. In general, aercmagnetic contractors do not have dedicated
helicopters or microwave navigation systems; these are rented as required for
special projects.

The costs for gradiometer measurements using a fixed-wing aircraft would
likely be somewhat less than for total field measurements using a rotary-wing
aircraft. On the other hand, gradient measurements from a rotary-wing aircraft
would cost considerably more than total field measurements. Although gradient
measurements have been made from rotary-wing aircraft, it appeairs that no
contractor is currently using this configurqﬁion. .

The above estimates include tue cost of initial data processing and plot-
ting data in profiie form. There would be additicnal costs to contour, filter,

or interpret the data. Also, o7 ccurse, in most cases ground checking of scine
anomalies would be required to complete evaluation of an area.

kY
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