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EXPERIMENTAL AND THEORETICAL GEOPHYSICS

GEOPHYSICAL METHODS OF EXPLORING FOR BURIED
CHANNELS IN THE MONUMENT VALLEY AREA, ARIZONA
AND UTAH

By R. A. Brack, F. C. Friscugnecur, R. M. HazrLewoop, and
W. H. Jackson

ABSTRACT

Uranium deposits in the Monument Valley area of Utah and Arizona are
found in buried channels cut into the Moenkopi formation of Early and Mid-
dle(?) Triassic age and filled with sedimentary rocks of the Shinarump member
of the Chinle formation of Late Triassic age. Exploration for uranium deposits
in this area consists of locating these buried channels and drilling within their
limits to detect possible ore bodies. The U.S. Geological Survey conducted
extensive geophysical investigations in Monument Valley to determine the physi-
cal properties of pertinent rock units and to determine the uses and limitations
of various geophysical methods in uranium exploration. Uranium deposits in
this area are not directly detected by geophysical methods, other than radio-
metric measurements, but physical-property studies show that seismic-velocity
and electrical-resistivity contrasts exist between the Shinarump member and the
Moenkopi formation and between the Shinarump member and the Monitor Butte
member of the Chinle formation, which overlies the Shinarump member in parts
of the area.

Seismic-refraction measurements were made over known channels, and by
using the delay times of waves arriving at each detector, this geophysical
method was found to be successful in locating channels and in defining their
size and shape in many parts of Monument Valley. The seismic-refraction
method was subsequently used successfully in many exploratory surveys to
locate buried channels. In places, however, the high seismic velocity in Monitor
Butte strata overlying the Shinarump and in lenses within the Shinarump limits
the use of the refraction method and may render it useless for purposes of
locating buried channels. The experimental seismic-reflection measurements
that were made in Monument Valley indicate that this geophysical method has
little application to the problem of locating buried channels in this area.

Electrical-resistivity measurements utilizing both vertical- and horizontal-
profiling techniques were successfully used in some parts of Monument Valley
to locate buried channels. In general, however, the resistivity data were not
amenable to theoretical analysis, and only qualitative information could be
obtained about the channel location, size and depth. Electromagnetic measure-
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162 EXPERIMENTAL AND THEORETICAL GEOPHYSICS

ments were also tested over known channels with slingram- and turam-type
equipment, and the resulting data compared reasonably well with the resistivity
data over the same channels. These preliminary results are encouraging, par-
ticularly as the electromagnetic measurements can be made more quickly and
cheaply than resistivity measurements, but not enough data have been obtained
to determine fully the uses and limitations of these methods of locating buried
channels. Experimental potential-drop-ratio measurements were also made over
channels with encouraging results, but again not enough data have been
obtained to evaluate this method fully.

Gravimetric measurements over buried channels detected small gravity lows
of about 0.05 milligal, but the precision and time required for the measurements
and surveying make this method impracticable for locating channels. Vertical-
intensity magnetic measurements were also made over known channels, but no
anomalies were observed that correlated with the position of the channels.

INTRODUCTION

Geophysical investigations were made on the Colorado Plateau
by the U.S. Geological Survey, on behalf of the U.S. Atomic Energy
Commission, as early as 1949 to assist in the exploration for uranium
deposits in the Morrison formation of Late Jurassic age. From 1949
to 1952, geophysical measurements were made, primarily with elec-
trical-resistivity methods, to delineate parts of the Salt Wash member
of the Morrison formation favorable for uranium mineralization.
When the geologic-mapping program of the Geological Survey was
extended from the uranium deposits in the Morrison formation to
those found in the Shinarump member of the Chinle formation of
Late Triassic age, the uranium deposits in the Shinarump member
were found to be localized in channels cut into the Moenkopi forma-
tion of Early and Middle(?) Triassic age and filled with Shinarump
sediments.

The Shinarump member is composed predominantly of sandstone,
and the Moenkopi formation is prédominantly siltstone. This marked
lithologic contrast suggested the possibility of locating the Shinarump
and Moenkopi contact by geophysical means and detecting and de-
lineating the buried channels that are the most favorable places to
drill for uranium deposits.

Electrical-resistivity and gravity measurements were made in the
Koley Black area of Monument Valley (fig. 57) in 1952 by the Geo-
logical Survey to test the usefulness of these methods in locating and
defining the configuration and trends of buried channels. The elec-
trical-resistivity measurements were shown to be successful in locating
and tracing buried channels, but little could be determined about the
channel configuration or the absolute depth by this method. The
gravity measurements seemed successful in locating the approximate
position of the channels, but they required such careful survey control
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that the gravity method was considered too costly and time consuming
to be practicable.

The first tests of the seismic-refraction method in the Monument
Valley area, for locating buried channels, were made in 1952 by the
U.S. Bureau of Reclamation for the U.S. Atomic Energy Commission
(Wantland and Casey, 1952). The success of these preliminary tests
led to further testing of the seismic-refraction method by the Geologi-
cal Survey in 1953, and measurements were made over known chan-
nels on Nakai, Hunts, and Oljeto Mesas, and in the Koley Black area
of Monument Valley (fig. 57). The seismic tests were successful in
locating buried channels where the Shinarump member was either
exposed at the surface or covered by windblown sand, and they also
furnished information about the channel configurations.

In 1954 seismic-refraction surveys were made on Holiday Mesa and
on Mitchell Mesa (fig. 57) to delineate the channel patterns in these
areas prior to exploratory drilling. In both areas the seismic-
refraction measurements clearly outlined the major channel trends.
Subsequent drilling on Holiday Mesa confirmed the geophysical re-
sults; Mitchell Mesa has not been drilled at the present time [1959].

Seismic-refraction surveys were also made in El Capitan Flat area



164 EXPERIMENTAL AND THEORETICAL GEOPHYSICS

(fig. 57) during 1954 and 1955 to determine the trends of buried chan-
nels. These surveys were made first on a reconnaissance basis to lo-
cate major channel patterns in an area of approximately 30 square
miles and then were continued on a detailed basis to map specific
channel trends. Drilling was done in conjunction with the geophysi-
cal exploration to test the preliminary interpretations of the seismic
data and to provide control for final interpretation. Several pre-
viously unknown channels were located by these seismic measure-
ments, and their existence was verified by drilling in connection with
the seismic measurements, or as a result of later drilling in this area
by private concerns.

When more drill-hole data became available, as a result of both
private and government drilling programs in Monument Valley,
other geophysical methods such as the electromagnetic, magnetic,
seismic reflection, and potential-drop-ratio methods were tested where
subsurface conditions were well known. It is the purpose of this
report to discuss the usefulness of these geophysical methods in find-
ing buried channels, as demonstrated by the results of the various
geophysical tests and exploratory surveys that have been made in the
Monument Valley area.

The work reported herein was done by the U.S. Geological Survey
on behalf of the Division of Raw Materials, the U.S. Atomic Energy
Commission. The authors are indebted to S. M. Horowitz, formerly
of the U.S. Geological Survey, for physical-property data on rocks
of the Monument Valley area, and to J. C. Roller, U.S. Geological
Survey, for part of the seismic data used in this report.

GEOLOGIC SETTING

Monument Valley lies in northeastern Arizona and southeastern
Utah, within the area of the Monument Upwarp. The upwarp area
has been eroded and dissected to produce the mesas, buttes, and deep
canyons that characterize present-day Monument Valley. The area
is arid and in many places the surface consists of windblown sand.

The sedimentary rocks exposed in Monument Valley range from
Permian to Jurassic in age. Of these rocks, only the ones with which
we were concerned in making the geophysical measurements are dis-
cussed. These are, in ascending order, the Moenkopi formation of
Early and Middle(?) Triassic age and the Shinarump and Monitor
Butte members of the Chinle formation of Late Triassic age.

The Moenkopi formation consists of compact dark-red-brown
bedded and laminated siltstone. The upper third of the formation
contains beds of dark- to light-gray limy sandstone ranging from 2
inches to about 1 foot in thickness. These beds contain ripple marks
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and appear to be continuous for distances of at least 1 mile along their
strike. The top of the Moenkopi formation is an erosion surface over
which the Shinarump sediments were spread. Channels cut into the
Moenkopi and filled with Shinarump sedimentary rocks are con-
sidered the most favorable places to explore for uranium deposits in
the Monument Valley area (Isachsen and Evensen, 1955).

The Shinarump member is a unit of complexly bedded coarse-
grained sedimentary rocks and until recently was considered to be a
formation overlying the Moenkopi and underlying the Chinle forma-
tion. Stewart (1957) redefined the Shinarump as the basal member
of the Chinle formation. The Shinarump member, which is the chief
uranium-bearing unit in Monument Valley, is composed of lenticular
strata of light-yellow-brown sandstones that are separated by con-
trasting sediments such as mudstone or siltstone. The Shinarump
member is composed principally of fine- to medium-grained sandstone,
but locally there are beds of coarse-grained to conglomeratic sand-
stone. The sediments filling the channel bottoms are commonly con-
glomeratic and in places contain carbonaceous material such as plant
fragments and fossil logs. Mudstone, in layers 1 foot or more thick, is
found in the channel deposits; it is also found throughout the Shina-
rump section as thin seams and clay balls.

The Monitor Butte member of the Chinle formation, which overlies
the Shinarump in this area, consists of dense red or dark-gray mud-
stone that becomes increasingly sandy and silty at the base. The
siltstone and fine-grained sandstone at the base of this member are
laminated, and the lowest laminated siltstone unit has been used to
define the contact between the Monitor Butte member and the Shina-
rump member.

As previously mentioned, the uranium deposits in the Monument
Valley area are found in channels cut into the Moenkopi formation
and filled with Shinarump strata. These channels range from small
ones 10 to 20 feet wide and 5 to 10 feet deep, to large channels 200

2,000 feet wide and 70 to 200 feet deep. Some channels are con-
tlnuous for distances of many miles; others are discontinuous and
disappear in a few hundred feet or less Some channels are straight,
others meander, and in many places a single large channel branches
into several smaller channels. In the Monument Valley area, features
commonly associated with uranium deposition (Mitcham and Even-
sen, 1955) include bends in meandering channels, intrachannel scours,
and rapid changes in facies from sandstone to niudstone within the
channel sediments. It seems evident that exploration for uranium
deposits in Monument Valley, aside from wildeat drilling, is a prob-

643875—62——2
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lem of locating these buried channels and drilling within the channel
limits, particularly in intrachannel scours and at bends.

PHYSICAL PROPERTIES

Studies of the electrical properties and seismic velocities of rocks
comprising the Monitor Butte and Shinarump members of the Chinle
formation and Moenkopi formation have been made in the El Capitan
Flat area of Monument Valley. The data from these studies helped
determine the uses and limitations of geophysical methods in locating
and describing buried channels. The physical-property data were
obtained from laboratory analyses of drill cores, electric logs, seismic-
velocity logs, theoretical analysis of electrical-resistivity data ob-
tained by surface measurements, and analysis of seismic-refraction
data.

As part of the physical-property studies carried out by the Geo-
logical Survey in Monument Valley, electric logs were taken in drill
holes with multiple-electrode logging equipment designed to obtain
self-potential logs, single-point resistance logs, lateral logs, and nor-
mal logs at 4-inch, 8-inch, and 24-inch electrode spacings. One such
electric log is shown in figure 58, along with the lithologic log of the
drill hole and the average-velocity and interval-velocity logs. The
resistivity portion of the electric log was obtained with an 8-inch
electrode spacing. Laboratory measurements on cores from this drill
hole indicate that the rocks are in general undersaturated, oxidized,
and contain relatively high salinity pore-water solutions. (S. M.
Horowitz, written communication, 1957.)

As shown by the lithologic log in figure 58, the drill hole pene-
trated siltstone of the Monitor Butte member down to 24 feet, sand-
stone and conglomerate of the Shinarump member from 24 to 96 feet,
and mudstone and siltstone of the Moenkopi formation from 96 to 116
feet. Comparison of the resistivity log with the lithologic log shows
that the siltstone of the Monitor Butte has a rather uniform low re-
sistivity of 40 to 80 ohm-meters. From these values and from values
for siltstones of the Monitor Butte member in other drill holes for
which electric logs are available, the normal resistivity range for this
rock unit is 20 to 100 ohm-meters. The self-potential part of the elec-
tric log shows a positive deflection that corresponds to the position of
the siltstone in the Monitar Butte member.

The electrical-resistivity log shows a sharp change in character at
the contact between the Monitor Butte and Shinarump members. The
smooth, regular, low-resistivity response produced by the siltstone of
the Monitor Butte member contrasts sharply with the highly variable,
but generally much higher, resistivity response of the rocks constitut-
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ing the Shinarump member. In the interval between 24 feet and 80
feet, the resistivity is seldom less than 400 ohm-meters and often
reaches apparent-resistivity values of 1,600 ohm-meters. ILaboratory
studies by S. M. Horowitz (written communication, 1957) on cores
from this drill hole indicate that this variation in apparent resistivity
is mainly caused by variations in pore-water saturation, and to a lesser
extent by changes in lithology. The relatively low apparent-
resistivity values at depths of 80, 41, and 55 to 58 feet are due to shale
or siltstone beds, clayey sandstone, or pyritic sandstone lenses at these
depths.

Electric logs and laboratory measurements of cores show that a nor-
mal range of resistivity for saturated rocks of the Shinarump mem-
ber is 125 to 200 ohm-meters. The high resistivities noted on the
electric log in figure 58 indicate a low degree of saturation for the
greater part of the Shinarump section in that drill hole. The rocks
in the interval between 80 and 96 feet show a fairly uniform low
resistivity of 120 to 160 ohm-meters, indicating that the base of the
Shinarump member is saturated with ground water. The electric log
for the Shinarump section of this drill hole illustrates the wide range
of resistivities that may be found within any given Shinarump sec-
tion. Depending on the degree of saturation, and to a lesser extent on
grain-size variation, the sandstones of the Shinarump have a resistiv-
ity range of 125 to 2,000 ohm-meters. Mudstone and siltstone strata
within the Shinarump generally have a low resistivity, ranging from
approximately 25 to 100 ohm-meters, although their apparent resis-
tivity is somewhat higher on the electric logs where these rocks appear
as thin beds between highly resistant sandstones.

The self-potential log in the Shinarump interval in general shows
a negative deflection that corresponds to the sandstone beds and a
positive deflection that corresponds to low-resistivity shales. The
self-potential log seems to be most sensitive to changes in shale con-
tent, although on other electric logs obtained in the El Capitan Flat
area, strong negative deflections seem to be associated with pyrite
concentrated in carbonaceous shales in the Shinarump member.

In the drill hole shown in figure 58, the Moenkopi formation occu-
pies the interval between 96 and 116 feet, and it has a low resistivity
ranging from 40 to 100 ohm-meters. Again, in general, electric-log
data in the Monument Valley area indicate an average resistivity of
about 75 ohm-meters for the Moenkopi.

The self-potential log of drill hole A did not extend into the Moen-
kopi section, but on other self-potential logs obtained in El Capitan
Flat, a positive deflection was associated with the upper part of the
Moenkopi formation.
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The electric-log data as discussed in the preceding paragraphs
indicate that the Monitor Butte member and the Moenkopi forma-
tion have low, reasonably uniform resistivities both laterally and
vertically, but that the Shinarump member varies considerably in
resistivity both laterally and vertically. This variation in resistiv-
ity seems to be controlled primarily by percentage of saturation and
to a lesser extent by lithologic changes within the member. Where
the sandstones of the Shinarump member are relatively undersatur-
ated, a large resistivity contrast exists between the Shinarump mem-
ber and the overlying Monitor Butte member and the underlying
Moenkopi formation. Under these conditions, changes in thickness
of the Shinarump member due to channeling would be expected to
produce large resistivity anomalies. Also lateral and vertical resis-
tivity changes due to changes in lithology and percentage of satura-
tion would produce anomalies that may bear no direct relationship
to channeling. Where the rocks comprising the Shinarump member
are completely saturated, the resistivity contrast between this member
and overlying and underlying rocks is fairly small. Although
changes in thickness of the Shinarump member produced by channel-
ing might produce resistivity anomalies, they are probably rather
small.

Vertical-traveltime, average-velocity, and interval-velocity logs are
also shown in figure 58. Velocity logs were obtained by lowering a
geophone into the drill hole to various depths and detonating small
dynamite charges at the surface near the drill hole; by detonating
small charges in the hole at various depths and placing a number of
geophones on the surface near the drill hole; or by placing a cable
containing a number of barium titanate detectors in the drill hole
and detonating a small dynamite charge at the surface. In all these
methods the principle is the same: the measured quantity is the time
required for a seismic wave, generated in the ground by an explosion,
to travel from the explosive source to one or more detectors spaced
at known distances from the source. Knowing the distance and
time, the average vertical velocity of the acoustic wave can be com-
puted. When a single detector is used in the borehole, the detector
is lowered to positions at intervals of 10 to 20 feet, and a dynamite
charge is detonated at the surface each time the detector is placed in
a new position. This arrangement can be reversed by placing the
charges at various positions in the drill hole and a number of detec-
tors at the surface. The latter method has the advantage of obtain-
ing a number of traveltimes (depending on the number of surface
detectors used) for each explosion, and if one detector is not working
properly the seismic-wave arrival will still be recorded.

F2s
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A major disadvantage of drill-hole shooting is that even small
charges may sometimes cause caving of the drill hole, and therefore
an insufficient number of points may be obtained for purposes of
plotting the drill-hole velocity curve. The use of multiple detectors
in an inhole-velocity cable has the obvious advantage of obtaining a
number of measurement points within the drill hole from one explo-
sion. In practice, except in deep holes, the barium titanate detectors
used in the multiple-detector cables lack the sensitivity of the single
electromagnetic inductive detectors; also the drill hole must be filled
with fluid, whereas the electromagnetic inductive detector can be
used in dry holes.

The end product of a successful drill-hole survey by any of the
above methods consists of a series of measurements of the fastest
traveltime of an acoustic wave from an explosive source to a detector.
A plot of such a series of measurements taken in drill hole A is shown
in figure 58 as a plot of vertical traveltime versus depth in the drill
hole of the measurement points. Average vertical velocities from
the surface and vertical velocities in the intervals between measure-
ment points are also shown. In this case the weathered layer, in
which the seismic velocity is low, seems to be approximately 41 feet
thick and includes the Monitor Butte sediments and the upper part
of the Shinarump member. Below the weathered layer the vertical
velocity in the Shinarump is nearly 7,800 fps (feet per second) to a
depth of approximately 70 feet and then is much slower, nearly
4,000 fps, to a depth of 100 feet, where the velocity changes to 14,000
fps in the Moenkopi.

In drill hole A the velocity in the Monitor Butte member is as
low as that in the weathered Shinarump, probably because of weath-
ering, and thus is lower than that in the unweathered part of the
Shinarump section. Therefore the presence of Monitor Butte strata
capping the Shinarump member would not adversely affect surface
seismic-refraction measurements. In some other parts of Monument
Valley, however, the velocity in the Monitor Butte member is greater
than that in the Shinarump member and sometimes approaches that
in the Moenkopi. Where this occurs, the resultant velocity inversion
makes it impossible to determine correctly the depth to the Shinarump-
Moenkopi contact.

The velocity variation shown in the Shinarump is not unusual;
velocities ranging from 3,000 to 10,000 fps have been measured in
Shinarump sections. These velocity variations are much more appar-
ent on velocity logs than on the traveltime curves plotted from sur
face seismic-refraction data. From surface seismic measurements it
has been found that velocity in the Shinarump in Monument Valley
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averages about 6,600 fps. The most significant thing shown by the
velocity logs is that the velocity in the Moenkopi formation is much
higher than that in the Shinarump member. This is borne out by
velocity data obtained for the Moenkopi formation from other drill-
hole velocity logs and from surface seismic-refraction data. In gen-
eral, the velocity in the Moenkopi formation ranges from about 10,000
to 15,000 fps.

The velocity data indicate that where beds in the Monitor Butte, in
which the velocity is high, are absent, a favorable velocity contrast ex-
ists between the Shinarump and the Moenkopi formation. Therefore,
it should be possible to map the Shinarump-Moenkopi contact by the
seismic-refraction method. Where the Monitor Butte member overlies
the Shinarump member, it may or may not be possible to determine ac-
curately the Shinarump-Moenkopi contact, depending on the velocity
in the Monitor Butte member. Velocity variation within the Shina-
rump member, both laterally and vertically, is a complicating factor
that is discused further under “Seismic Methods.”

The ore minerals comprising the uranium ore bodies found in chan-
nel deposits in Monument Valley are present in such small amounts
that their physical properties do not exert any significant influence on
the overall electrical conductivity or seismic velocity in the host rocks.

GEOPHYSICAL METHODS OF EXPLORATION

Although uranium deposits in Monument Valley are not directly lo-
cated by geophysical methods other than radiometric surveys, geo-
physics has an important place in exploration for these deposits.
Exploration procedure for uranium deposits by any method is first to
locate potential uranium-bearing channels and then to determine if
economic quantities of uranium minerals are present in the channels.
The first phase, that of locating potential uranium-bearing channels,
is a geologic problem well suited to geophysical solution. There are
many places in Monument Valley where channels can be located by
visual observation of Shinarump outerops in mesa rims or in canyons.
Where this is possible, and the trend of the channel can be determined
reasonably well by direct observation, such as on a small mesa where a
channel crops out in the rim and perhaps in reentrants, it may then be
possible to determine the economic uranium content of the channel by
a relatively few drill holes. In such places geophysical work to trace
the channel trends is unnecessary. On larger mesas, however, and in
large areas in Monument Valley where the Shinarump exposures do
not reveal channel cross sections, geophysical surveys provide valuable
guidance to drilling. Buried channels can be located and traced, and
some information obtained about the size and shape of the channels
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with pertinent geophysical methods. With this information, drilling
can then be concentrated in the most likely places for the occurrence
of uranium deposits.

SEISMIC METHODS

Drill-hole velocity logs show that the seismic velocity is less in the
Shinarump member than in the Moenkopi formation. The velocity
logs also show that the seismic velocity in the Shinarump member
varies considerably from drill hole to drill hole because of changes
in the amount and type of cementation, water saturation, weathering,
mud and shale lenses, and other factors. In practice, however, this
variation in the seismic velocity in the Shinarump member is often
not as serious as would be expected from casual inspection of the ve-
locity logs. The lenses that cause the greatest variations in the seis-
mic velocity in the Shinarump member (mudstone and shale lenses
and thin layers of cemented sandstone) may act as shallow refractors
within the Shinarump member and produce discontinuities in what
normally would be the direct-arrival portion of the time-distance plot;
and in extreme cases these variations may obscure the direct arrivals
altogether. In many places, however, the lenses are too thin to carry
refracted energy for any great horizontal distance and do not appre-
ciably affect the traveltimes of the inclined portions of the refracted-
ray paths from the Moenkopi formation.

Lateral changes in velocity in the Shinarump member from causes
other than lensing may also cause difficulties in interpretation of the
seismic-refraction data, but such conditions can frequently be recog-
nized from the time-distance plots and an approximate correction
can be made to the data.

The effect of the Monitor Butte member on seismic measurements
is almost unpredictable. In places the Monitor Butte is soft, weath-
ered sandy mudstone that grades rather imperceptibly into the Shin-
arump member. In these places the seismic velocity is low and the
mudstone may be considered a part of the weathered layer and cor-
rected for in the conventional manner. In other places the basal rocks
of the Monitor Butte member contain laminated beds in which the
seismic velocity is higher than in the Shinarump member, and the re-
sulting velocity inversion makes it impossible to determine accurately
the depth to the Shinarump-Moenkopi intertface.

In spite of these difficulties, tests of the seismic-refraction method
in Monument Valley were generally successful, and this method was
widely used in locating and delineating buried channels in Monument
Valley.

Reflected arrivals were recorded accidentally during routine seismic-
refraction studies. Experimental measurements were made later
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using seismic-reflection equipment specially designed for shallow
work to determine if the reflection method could be used to locate
buried channels. Although some reflections were obtained from the
Moenkopi formation, the results indicate that this geophysical method
is not well suited for locating buried channels in Monument Valley.

REFRACTION MEASUREMENTS
EQUIPMENT AND FIELD PROCEDURES

The seismic-refraction measurements in Monument Valley were
made with standard 12- and 24-trace portable seismic-refraction equip-
ment mounted in a 4-wheel-drive vehicle on specially constructed
mounts.

Both miniature and standard-size geophones ranging in frequency
from 6 to 18 cycles per second were used in the refraction measure-
ments, but the lower frequency geophones produced superior records.

The field method most often used was continuous profiling with re-
versed shots. Geophone spacings were roughly determined by the
depth to the Moenkopi formation in the particular area surveyed.
Spread lengths were adjusted so that at least one-half of the geophones
received refracted energy as first arrivals. At the beginning of the
tests, profiles were shot with spreads end to end, but as new interpre-
tive procedures were developed it became clear that it was desirable to
overlap the spreads by 25 to 50 percent. At first, shallow shot holes
were used, but the rocky nature of the area made it a time-consuming
job to drill even shallow holes, and “blowouts” frequently occurred.
To save time and to eliminate danger from flying rock fragments, ex-
periments were made with single shots detonated on a steel pole (fig.
59) a few feet above the ground. This method produced good records
and had the advantage of speed and safety. In air shooting, a 214- to-
10-pound stick of 60-percent seismic dynamite is impaled on a wooden
dowel that is inserted in & wooden block. A hole is drilled in the
wooden block so that the block will slicle over the steel pole. The dyna-
mite is detonated by a No. 6SSS seismic electric-blasting cap. The
block and dowel disintegrate, leaving no flying debris. The block is
used to protect the shooting pole and to prevent its forming steel
splinters.

In addition to the conventional safety measures used in drill-hole
shooting, special precautions should be taken when the air-shooting
technique is used. Vehicles and personnel should be at least 300 feet
from the shot point. The charge should be placed 3 feet or more above
ground level to prevent blasting away surface material, and all metal
bands must be removed from the dynamite. The cap wire should
never be tied around the charge, and the cap should be placed in the
side of the dynamite away from the shooter. Small fragments of cap

643875—62-—3
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| JL_/ Electric blasting cap, No. 6SSS

|_—Stick of dynamite

| _—Wooden dowel

_—Expendable wooden block,
41 inches x 1Y% inches x 1% inches

Steel rod,
Yo-inch

F1cURe §59.—Sketch of shooting pole used in air shooting
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wire may be thrown for considerable distances and may cut cables

placed too near a shot point. Cables close to the shot point should be

covered, if possible, with a few inches of earth to prevent damage.

Exposed field personnel should be equipped with safety hats and

should keep the instrument truck between themselves and the shot
oint.

P INTERPRETATION OF REFRACTION DATA

The data obtained from the seismic-refraction measurements in Mon-
ument Valley could not be interpreted by using critical-distance and
time-intercept formulas because these methods are based on the as-
sumption that the refracting interface is a plane surface.

In Monument Valley the important refracting interface in explora-
tion for buried channels is the top of the Moenkopi formation, which
is an irregular surface of erosion. Many of the channels in Monu-
ment Valley have widths that are less than the typical spread lengths
used in the seismic-refraction measurements. The refracting surfaces
in these instances must be considered as curved surfaces, and conven-
tional methods of interpretation will yield erroneous values for the
depth to the refracting interface.

An interpretation procedure for curved refracting surfaces (Paki-
ser and Black, 1957) was tested and found successful for interpreting
seismic-refraction measurements made over buried chanmels. This
procedure, which is a modification of an interpretation procedure sug-
gested by Barthelmes (1946; Dobrin, 1952), consists essentially of
graphically calculating the delay time for each geophone and treating
delay-time variations as resulting from variations in the depth of the
refractor. In practice the conventional refraction formulas were used
for preliminary analysis of the seismic-refraction data obtained in
Monument Valley, and the delay-time procedure was used in inter-
preting the curved refracting surfaces in the channel areas.

The delay time has been defined as the additional time required for
a wave to travel any segment of a ray trajectory over the time that
would be required for a wave to travel the horizontal component of
that segment at the highest velocity reached by the trajectory (Nettle-
ton, 1940, p. 250). If the depths at the shot point and detector are
not equal, because of either dip or surface-elevation changes, the time
(¢2) for a wave to travel from the shot point to any detector beyond
the critical distance for a two-layer case is given by the equation

t==|:‘%%+(Z, cos 1) /Vi+ (Zs cos 'i)/Vl] cos 0,

where X = horizontal distance from shot point to detector,
V. = seismic velocity in upper layer,
V. = seismic velocity in lower layer,
Z, = distance of V.-V, interface below shot point,
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Z; = distance of V.~V interface below detector,
¢ = critical angle of incidence,
6 = angle of dip of V,-V, interface.
For a horizontal V.-V, interface the equation for (¢) is reduced to

t=)—é+ (Zs cos 1) V14 (Z; cos 1) [Vy

It is from this equation that the method of interpretation by use of
delay times is developed. Errors resulting from neglecting dip are
negligible for dips of up to 10°, and they are not serious for dips as
great as 25°. The two quantities Z, cos ¢ and Z4 cos % in the above
equation represent the delay times at the shot point and at the detector,
respectively. The sum of the delay times for the shot point and any
detector beyond the critical distance can be determined graphically
by subtracting the quantity X/V, from the detector arrival time. As
the delay time for the shot point remains constant for any given
spread, variations in the delay times for the detectors are proportional
to variations in depths beneath those detectors. The graphic pro-
cedure for obtaining the delay time for a detector beyond the critical

distance and the ray path of the refracted wave is shown in figure 60.

Figure 61 illustrates the effect of a buried channel on the refracted
arrivals of a reversed spread. The following procedure is used in
making a graphic delay-time analysis:

1. First a time-distance graph is drawn (fig. 614). The velocity in
the lower medium, the Moenkopi formation, is shown on the time-
distance curve as V,. The velocity in the upper medium, the
Shinarump member of the Chinle formation, is designated as V.
The symbol ¥V, is the apparent velocity in the lower member.
The open circles represent arrival times at the detectors from shot
point 1 and the dots represent arrival times at the detectors from
shot point 2.

2. On the above graph a line with a slope of 1/V,, where 7, is the
known velocity of the refracting medium, is drawn through the
origin.

8. The delay time for each detector beyond the critical distance is
determined (figs. 60, 618). The vertical offset in the two delay-
time curves indicates that the depth to the refracting horizon
is greater at shot point 1 than at shot point 2.

4. As shown in figure 60, the point to which the depth is determined
on the refracting horizon is displaced a distance AX toward the
shot point from each detector position. The migration distance
AX is computed from the formula

X=Ztant
where Z is the depth to the refracting interface at the shot point
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from which the refracted arrivals were recorded. In figure 61, Z was
computed to be 60 feet at shot point 1 and 50 feet at shot point 2. The
migration distances for the refracted arrivals from these shot points
were thus 21 feet and 18 feet respectively.

Sin( +9)

v, Detector —_

Critical
distance

t
Delay time
- l
//—4
-
-
/J _ /T/
2 - X
T 6
— v
— | Y __—
Shot point X 1
A 1

EXPLANATION

X=horizontal distance from shot point to detector
6=angle of dip

V1 =seismic velocity in upper layer

V, =seismic velacity in lower layer

Zs=distance of V-V, interface below shot point
Zy=distance of V, -1 interface below detector
s=critical angle of incidence

r=traveltime from shot point to detector

FieURE 60.—Graphic procedure for obtaining the delay time for a detector beyond the
critical distance and the ray path of the refracted wave.

5. The delay times are migrated (fig. 610).

6. The two migrated delay-time curves are next adjusted vertically
for the best fit (fig. 612). In thisexample the dots were shifted
vertically by 8 milliseconds. An average curve is then drawn
through the adjusted points.
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7. From the adjusted delay-time curve the difference in depth, AZ,
between a datum point and each migrated and adjusted detector
position is determined from the formula

_ At DVI
T cost

AZ

where /A\¢p represents the difference in delay times between the
two points. The datum point may be a drill hole or the com-
puted depth at the shot point if a large enough part of the plane
of the refracting interface exists to permit the use of convention-
al formulas to compute this depth. In this example the com-
puted depth of 60 feet at shot point 1 was used as a datum point,
and AZ was computed to be a 4.3 feet per millisecond delay.

8. Finally, the subsurface profile of the refracting interface is con-
structed from the depth differences computed for the various
detector positions with reference to the datum point. Depth to
the interface is then plotted beneath each migrated detector
position to form a profile such as in figure 61Z. If no absolute
datum point can be found for any given spread, the configura-
tion of the refracting horizon relative to any point on the delay-
time curve can be determined. It is thus possible to locate
buried channels even if reliable depth control is not available.

Variation in thickness of the weathered layer, in which the velocity
is very low, may cause large arrival-time delays. Routine corrections
for the weathered layer are seldom possible except at shot points, but
time delays caused by the weathered layer can often be recognized
on the delay-time curves. The effect of a change in thickness of the
weathered layer on the time-distance plots and on the delay times
before and after migration is shown in figure 62. The depth to the
Moenkopi formation as computed for shot points 1 and 2 is 60 and 50
feet respectively (fig. 61). The velocity in the Moenkopi, Shinarump,
and the weathered layer is 12,000, 4,000, and 1,000 fps, respectively.
The weathered layer is negligibly thin except for the interval between
500 and 800 feet on the spread, where the layer reaches a maximum
thickness of about 815 feet.

Comparison of the delay-time curves of figures 61 and 62 shows
that both the channel and the weathered layer produce downward
deflections of the delay-time curves and that the magnitudes of the
time delays are approximately equal. There is, however, a significant
difference in the delay-time curves produced by the channel and by
the weathered layer. The time variations caused by changes in the
thickness of the weathered layer coincide in horizontal position on the
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FicURB 62.—Seismic data over a weathered layer of variable thickness, and the
resulting geologic section, as determined from delay times for a reversed spread.
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delay-time plots for the reversed spread and tend to diverge in hori-
zontal position when the points are migrated toward their respective
shot points. The reverse is true for the time variations caused by
channeling, and this difference can often be used to distinguish anom-
alies caused by changes in thickness of the weathered layer from those
caused by channeling.

In places in Monument Valley the Shinarump member contains thin
mudstone lenses that act as refractors and cause the time-distance
plots to resemble those that would be obtained from three layers. An
example of a possible misinterpretation of time-distance plots caused
by a mudstone lens is illustrated in figure 63,

TIME-DISTANCE CURVES
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‘é’o.ll
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50405
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EXPLANATION

¥ =velocity,in feet per second,in Shinarump
member of Chinie formation

V, =velocity,in feet per second,in mudstone lens
V, =velocity,in feet per second,in Moenkopi formation

FieURB 63.—An example of a possible misinterpretation of time-distance graphs caused
by a mudstone lens (after Pakiser and Black, 1957, fig. 5).
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The first interpretation of these time-distance plots assumes that
spreads 1 and 3 represent 2-layer conditions, and spread 2 a 3-layer
condition. Computations made with these assumptions produce the
improbable geologic section shown immediately beneath the time-
distance plots. The second interpretation assumes that the 7,500- and
7,400-fps segments of the time-distance plots for spread 2 are caused
by a thin mudstone lens within the Shinarump member. Spreads
1 and 3 are interpreted as before, but computations are made for
spread 2 by extending the V, segments of the time-distance plots until
they intersect the extensions of the segments representing the highest
velocities shown by these plots.

Using these intersections as the critical distances, the time-distance
plots are solved as standard two-layer problems. The resulting geo-
logic section is shown as the lower section. Consideration of local
geologic conditions indicates that the second interpretation is much
more reasonable than the first. The error introduced by the pro-
cedure used in the second interpretation is generally less than 10 per-
cent of the true depth to the Moenkopi formation if the mudstone
lens does not constitute more than 25 percent of the Shinarnmp mem-
ber thickness and if the velocities in the various units do not vary
widely from those used in this example.

Some of the channels contain mudstone or shale lenses that act
as refracting horizons and completely mask a channel. Such a condi-
tion is shown in figure 64, where the refracting horizon within
the channel limits is far above the actual interface between the Shina-
rump member and the Moenkopi formation. On a series of 4 parallel
seismic profiles it is not uncommon to obtain channel anomalies on two
profiles, no anomaly of any kind on the third profile, and a channel
anomaly on the fourth profile. This suggests that either the channel
is discontinuous or that the profile, along which no anomaly was ob-
tained, crosses the channel where a refracting horizon within the
Shinarump member obscures the channel. Either possibility may be
correct, but other geophysical methods must be used to supplement
the seismic-refraction measurements before the correct solution can be
determined.

Another major problem in the interpretation of seismic-refraction
measurements in Monument Valley is the variation of the velocity in
the Monitor Butte member. Where this member overlies the Shina-
rump member and the velocity in it is greater than that in the
Shinarump member, accurate computations of the depth to the Moen-
kopi formation cannot be made. In places, however, it has proved
possible to map the relative configuration of the Shinarump-
Moenkopi interface and to detect buried channels under these same
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conditions by delay times. If no geologic control is available along
the profile, the delay times are simply plotted and examined for evi-
dence of channeling. If the velocity in the part of the Shinarump
member in and immediately above the channel is known, from velocity
logs in nearby drill holes for example, an approximation of the depth
of scour can be made from the delay times, although the depth to the
interface cannot be determined.

RESULTS OF REFRACTION TESTS

The seismic tests made in Monument Valley by Wantland and Casey
(1952) were made over a channel on Nakai Mesa that was known
from drilling to be 1,500 to 2,000 feet wide and 50 to 75 feet deep.
Conventional methods of interpreting depths at the shot points were
used, and Wantland and Casey were successful in mapping the chan-
nel trend. The Nakai channel offered nearly ideal conditions for the
initial experimental studies, but the results of these tests could not
be used to evaluate the seismic-refraction method for channe] explora-
tion in general. Many additional factors such as the effect of changes
in channel width and depth, steepness of channel slopes, and more im-
portant, the effect of lithologic variations within the Shinarump mem-
ber and the effect of various kinds of overburden, including rocks of
the Monitor Butte member, had to be investigated before the seismic-
refraction method could be fully evaluated for locating buried chan-
nels in Monument Valley.

Seismic-refraction measurements were made at Koley Black, Hunts,
and Oljeto Mesas, where various types and sizes of channels were
known to exist from drill-hole or outcrop data. Some of these chan-
nels were continuous, some intermittent, and some branched into two
or more smaller channels, but in each area the tests were made where
the Shinarump was either exposed at the surface or covered with sand.
Refractions from the Moenkopi formation were obtained in all the
test areas, and in each area an indication of the known channel or
channels was obtained.

Exploratory seismic-refraction measurements were then made at
Holiday and Mitchell Mesas (fig. 57) to locate buried channels before
exploratory drilling for uranium deposits in these areas. Figure 654
is a subsurface-contour map of the Shinarump-Moenkopi interface
that was prepared from the results of seismic-refraction measurements
on Holiday Mesa. A channel is clearly indicated on this map. This
area was later drilled, on the basis of the seismic-refraction measure-
ments, to determine whether the Holiday Mesa channel contained a
uranium ore deposit. A large ore body was found in the channel.

Figure 658 is a subsurface-contour map of the Shinarump-Moen-
kopi interface that was prepared from drill-hole data. These two
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maps show a close correlation between the seismic-refraction and drill-
hole data.
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FIGURE 66.—Subsurface map of part of Mitchell Mesa, showing contours of the
Shinarump-Moenkopi interface as determined from seismic measurements, and
channel outerops discovered by geologic reconnaissance.

Mitchell Mesa (fig. 57) was selected for seismic exploration because
a preliminary geologic reconnaissance had located channel outcrops
containing uranium minerals. Figure 66 is a map of part of Mitchell
Mesa. The geologic reconnaissance had delineated a channel cross
section (exposure 1 on fig. 66) and what seemed to be a longitudinal
section of the same channel (2). Another channel section (3) was
hidden by talus and was not discovered in the initial geologic recon-
naissance. Uranium minerals were found in channel outcrop 1.

The actual trend of the channel was in some doubt because of the
tentative identification of outcrop 2 as a longitudinal section of the
channel. The mesa area was small, and under ordinary circumstances
geophysical measurements tracing the channel trend would not have
been economical. In this case, however, the seismic-refraction meas-
urements ‘were made to determine the channel trend and depth so that
an accurate estimate could be made of the amount of drilling needed
to test the channel for uranium deposits. Portable seismic-refraction
instruments and necessary supplies were packed to the mesa top and
the trend and depth of the channel were then rapidly determined by
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the seismic measurements. Figure 66 is subsurface-contour map of
the Shinarump-Moenkopi interface as determined from the seismic
measurements. The seismic measurements showed that the channel at
outcrop 1 continues across the mesa to the west, and that outcrop 2 is
actually a longitudinal section of a part of the channel. Detailed
seismic investigation of the western mesa rim located the channel
section at outcrop 3.

Figure 67 illustrates the use of the delay-time procedure to locate a
channel on Oljeto Mesa (fig. 57). The location of the channel on
spread 2 is clearly indicated by the delay times.
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FIGURE 67.—Time-distance graphs and delay times for a series of end-to-end reversed
spreads along a traverse over a buried channel on Oljeto Mesa (after Pakiser and
Black, 1957, fig. 8).
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A plan view of a series of seismic traverses, A through F, along
which seismic-refraction measurements were made in Monument
Valley is shown in figure 68. The location of the delay-time anoma-
lies on these traverses due to a buried channel is shown in black. The
geologic sections across the anomalous areas on traverses C and D
(fig. 68) illustrate the detail that can often be obtained from delay
times. It is interesting to note that the channel becomes broader and
shallower where it changes direction, and it seems to have two some-
what deeper scours within its limits. This kind of detailed informa-
tion could be useful in planning a drilling program, as the bends can
be considered good starting points to investigate the possibility of
uranium deposits in any given channel.

The seismic-refraction measurements that have been discussed in
the preceding paragraph have all been made in areas where the
Shinarump member was either exposed at the surface or covered by
material in which the seismic velocity is low, such as windblown sand
or alluvium. In many places in Monument Valley, however, the
Shinarump member is covered by the Monitor Butte member, in which
the seismic velocity in places may exceed the velocity in the Shina-
rump member. The results of seismic-refraction measurements in
one such area in El Capitan Flat (fig. 57) are shown in figures 69
and 70. The channel cross sections were obtained from drill-hole data.
Because the time-distance plots obtained from the seismic-refraction
measurements reflect weathering and lithologic changes in the Moni-
tor Butte member, depth computations at the shot points are not
reliable. A delay-time analysis of the seismic-refraction data, made
with simplifying assumptions, was used in locating the channels,
although the depth to the Shinarump-Moenkopi interface could not
be determined.

Delay times were graphically determined for assumed velocities of
11,000, 11,500, 12,000, and 13,000 fps in the Moenkopi, and an assumed
velocity of 5,000 fps for ¥, was used in computing the migration dis-
tances and relative depths. The 11,500-fps V', velocity was the most
reasonable value, as borne out by the velocities in the Moenkopi shown
on time-distance plots for measurements outside the channel boun-
daries. The time-distance plots, geologic section determined from
drill-hole data, and the Shinarump-Moenkopi interface determined
from delay times for traverse 1 are shown in figure 69. Depths to
the refracting interface could not be determined accurately from the
time-distance plots, and depths indicated by data from drill hole 536
were used in computing delay times. As this figure indicates, the
seismic and drill-hole data agree rather well on the channel location
and configuration.

643875—62——5
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The time-distance plots, geologic section determined from drilling,
and the Shinarump-Moenkopi interface determined from delay times
are illustrated in figure 70 for traverse 2. The delay time computa-
tions were based on the depth to the Moenkopi formation given by
data from drill-hole 554. As shown in figure 69, the contact deter-
mined by delay times closely approximates the actual contact deter-
mined by drilling. If drill-hole data had not been available along
these traverses, the adjusted delay times would still indicate the
positions and relative configurations of the buried channels.

LIMITATIONS

The most serious limitation of the seismic-refraction method of
locating buried channels is that the resolving power of the method
decreases with increased depth to the refracting interface. For a
fixed number of detectors the spacing must be increased with in-
creased depth to the refracting interface; thus, fewer detectors will
receive refracted arrivals from the curved interface constituting the
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channel cross section. It is thus more difficult to detect the channel
anomaly from the delay times. This difficulty could be resolved by
repeating measurements at smaller spacings over suspected anomalies,
but increased thicknesses of overburden may result in lateral and ver-
tical velocity changes that could obscure the effect producted by a
buried channel. If velocity inversion is also present in the overlying
rocks, the depth to the desired refracting interface cannot be calculated.

These difficulties indicate that the seismic-refraction method is best
for locating buried channels either in areas containing outcrops of the
Shinarump member, or where the overburden is relatively thin and
constant in thickness and the velocity in it is relatively constant and
lower than in the Shinarump. Some of the problems associated with
velocity and thickness changes in the overlying material can be over-
come, but sometimes these changes may make interpretation of the
seismic data difficult, if not impossible. It has proved possible to map
buried channels in some parts of Monument Valley where the Shina-
rump member is overlain by as much as 100 feet of Monitor Butte
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rocks. In other places much smaller thicknesses of Monitor Butte
rocks have made interpretation impossible because of the extremely
high and variable seismic velocity and the irregular thickness of the
Monitor Butte rocks along the seismic profile.

Changes in velocity within the Shinarump member also present dif-
ficulties that cannot always be resolved; for example, the mudstone
lenses within the Shinarump may complicate the interpretation of the
time-distance plots and may even obscure the channels completely.

In spite of these difficulties, the seismic-refraction method has been
quite successful in locating buried channels in Monument Valley.
Seismic-refraction measurements in many of its large areas not yet
systematically explored for buried channels would prove useful. Other
geophysical methods may be used where local conditions prevent the
use of the seismic-refraction method.

EXPERIMENTAL SHALLOW-REFLECTION MEASUREMENTS

During a series of seismic-refraction measurements on Hunts Mesa
in 1958, erratic arrivals were noted on the first few geophones of a
conventional refraction spread. These arrivals were tentatively iden-
tified as reflections and were confirmed by shooting short spreads in
the zone of the erratic arrivals (Pakiser and Warrick, 1956). Al-
though these reflections were recorded by accident, interest was
aroused in further testing seismic-reflection methods in delineating
the Shinarump and Moenkopi contact. Experimental shallow-reflec-
tion measurements were therefore made in Monument Valley in 1954
to determine if reflections could be obtained from the Shinarump and
Moenkopi contact and if channels could be mapped with this geophysi-
cal method.

The experimental shallow-reflection measurements were made with
specially designed instruments. A 12 trace oscillograph with high-
frequency galvanometers and high paper speed, amplifiers with high-
frequency filters, fast automatic-gain control, and variable presup-
pression control were used to make the measurements (Pakiser,
Mabey, and Warrick, 1954). Standard field methods, employing
both in-hole and single air shots and inline and split spreads, were
used in these tests. Various sizes and configurations of shot patterns
were tested ; multiple geophones were also used.

Some shallow reflections were obtained from these test measure-
ments, but they could not be correlated from shot point to shot point.
Some evidence indicates that reflections were from the Shinarump and
Moenkopi contact, but they were of poor quality and many bordered
on the indiscernible. Where reflections did appear on several traces,
abrupt changes in stepout time were common.
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If it had proved possible to obtain good quality reflections from
the top of the Moenkopi formation, the seismic-reflection method
would be a valuable tool in channel exploration in Monument Valley.
This geophysical method, with its high resolving power, and its
freedom from velocity inversion, would be a valuable addition to the
seismic-refraction and electrical-resistivity methods for finding buried
channels. Conditions in the Monument Valley area that prevent the
recording of good quality reflections affect the seismic-refraction
measurements as well, but refracted events can still be recorded.
Among these adverse conditions are lateral changes in the seismic
velocity in the Shinarump member; the presence of mudstone lenses
within the Shinarump member which may act as reflecting horizons
that contribute reflected energy in the form of noise; the absence
of the weathered layer (in the classical sense), in which the velocity is
low; and the usual impossibility of placing the shot below the water
table. Therefore, shallow reflections frequently were not obtained,
and where they were obtained the reflections were usually discon-
tinuous and of poor quality. For these reasons, the seismic-refraction
method is more applicable than the shallow-reflection method in
locating buried channels in Monument Valley.

ELECTRICAL METHODS

Data obtained from the physical-property studies make it clear that
resistivity contrasts do exist between the Monitor Butte and the
Shinarump members and between the Shinarump member and the
Moenkopi formation. A larger contrast in resistivity may also exist
within the Shinarump member than between the basal Shinarump
and the Moenkopi formation (fig. 58) ; however, in surface-resistivity
measurements the composite resistivity of a relatively large unit of
the earth is measured. Thus the relative volume of the various ma-
terials must be considered. In terms of total volume, a large enough
contrast in resistivity generally exists between the Shinarump member
and the Moenkopi formation to produce resistivity anomalies, de-
tectable on the surface, over thicker parts of the Shinarump member
caused by channeling. Changes in resistivity within the Shinarump
member will also probably result in anomalies, detectable on the
surface, which may or may not be due to channeling. It should be
emphasized that the electrical-resistivity and potential-drop-ratio
methods depend upon the resistivity contrast between adjacent strata,
whereas the electromagnetic method depends upon the absolute values
of resistivity.
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ELECTRICAL-RESISTIVITY MEASUREMENTS

The average resistivity of the Shinarump member is higher than
that of the Moenkopi by a ratio of about 5 to 1. Therefore, under
conditions of uniform overburden and optimum size and depth of
burial, a channel could be expected to produce a resistivity anomaly
that could be detected with surface measurements. Channeling,
however, often results in abrupt lithologic changes, both vertically
and laterally, which may occur not only within the channel fill but
also in the Shinarump above the scour. Under these conditions the
anomalies resulting from the changes in lithologic properties will
be superimposed upon those caused by the more deeply buried chan-
nel bottom. The anomaly from the channel, as determined from
surface measurements, may be easily recognizable, slightly distorted,
or completely obscured depending upon the number, size, distribution,
and resistivity of the disturbing bodies. Anomalies resulting from
channels therefore may be caused predominantly by the Shinarump
channel fill, lateral lithologic variations in the Shinarump member,
or both.

The heterogeneous nature of the Shinarump member (p. 165)
results in a wide range of resistivity throughout the section. The
magnitude of the anomalies is dependent not upon the absolute resis-
tivity of the disturbing bodies compared to that of the surrounding
medium but upon the ratios of the resistivity of the bodies to that
of the surrounding medium. Therefore a change in resistivity from
400 to 1,600 ohm-meters (1:4) for bodies within the Shinarump
member may be less significant than the changes between the Moen-
kopi formation and the channel fill, which is usually about 1:5.

In places the Shinarump member is covered by a siltstone of the
Monitor Butte member, that has about one-fifth the average resistiv-
ity of the Shinarump. Assuming no lateral changes within the Moni-
tor Butte, this siltstone would influence the resistivity measurements
only by reducing the magnitude of the anomalies.

EQUIPMENT AND FIELD PROCEDURES

All routine resistivity measurements in Monument Valley were
made with Geoscope d-c equipment (Lee, 1936); however, a few
measurements were made with Gish-Rooney equipment to compare
the results obtained with direct current and commutated direct cur-
rent. Current electrodes made of stainless-steel rods, and nonpolar-
izing potential electrodes made by placing a copper electrode in a
porous ceramic jar filled with a saturated solution of copper sulfate,
were used for the d-c measurements. Heavy-duty 45-volt radio “B”
batteries supplied the power.
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The Lee partitioning configuration (Lee, 1936) was used exclusively
in the Monument Valley resistivity measurements. Four equally
spaced electrodes (., C,, Py, P, (fig. 71), are placed in a straight

2 Py Py Py 1
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Y
Surface of earth | H i
HE— @ —ré— A& —dp€— d —>f

Ci, Co=current electrodes
Fo. P1. P, =potential electrodes

a=electrode separation
FIicURE 71.—The Lee partitloning configuration for electrical-resistivity measurements.

line along the surface of the ground; the distance between adjacent
electrodes is designated as the electrode separation a. A fifth elec-
trode, placed at the center of the configuration midway between the
two inner electrodes, P; and P,, is called P,.

If current, 7, is flowing between the outer electrodes, ¢; and C,,
and the resulting potential difference, Vi, is measured between P,
and P,, and V, is measured between P, and P,, the following relation-
ships are obtained :

v
pP1 =4:1l'(lﬁl‘l
pP2= 4:71'@?2

where p, and p, are defined as apparent resistivities of the left and
right portions of the earth respectively, of an imaginary plane inter-
secting P, at right angles to the configuration.

Two methods in making resistivity measurements were used:
vertical- and horizontal-resistivity profiling. In vertical-resistivity
profiling the central point of the configuration occupied is fixed and
the electrode separation expanded at some convenient interval. In
horizontal-resistivity profiling the electrode separation is fixed, and
the configuration is moved as a unit along a traverse. The center of
the configuration, the point occupied by the P, electrode, is designated
as the station location for both vertical- and horizontal-resistivity
profiling,

In areas investigated in detail by the vertical-profiling method,
measurements were usually made on a grid pattern, and the traverses
crossed a channel or assumed channel location at right angles. The
electrode configurations were oriented either parallel to, or at right
angles to, the traverse line except in locations where there was little
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or no soil covering the bedrock. At these places the configuration was
either oriented in a direction to avoid the outcrop, or the station was
offset to a more suitable location. Many of the areas were on tops
of mesas. In these areas, stations were located at least 100 feet from
the mesa edge to minimize the distortion of the current-distribution
pattern.

Horizontal-profiling measurements were made along traverses at
right angles to the estimated strike of the buried channel. Measure-
ments were obtained at several different electrode separations on the
same traverse. This practice provided some information as to the rel-
ative depths of anomalous bodies and made it possible to distinguish
some anomalies caused by near-surface disturbances from those due to
bodies at greater depths.

HORIZONTAL-PROFILING MEASUREMENTS

The information obtained from horizontal-profiling measurements
is primarily qualitative, and while the geometrical properties of a
channel such as depth and cross-sectional shape cannot be determined
by this method, several valuable generalizations can be made in de-
tecting a channel and tracing it across an area.

The interpretation of horizontal-resistivity data in the location of
channels has been largely empirical or based on model studies. The
lack of theoretical solutions of data over channels is due primarily to
the time required for the computation of theoretical curves. Cook and
Van Nostrand (1954) present the values of the apparent resistivity
for profiles over ellipsoidal and hemispherical sinks. A theoretical
curve based on the Lee configuration for a filled hemispherical sink
having a diameter of 150 feet and a 1:5 resistivity ratio of the ma-
terial inside the sink to that outside the sink is shown in figure 72.
The outstanding feature of each curve is the resistivity low directly
over the sink with a maximum and minimum on either side. Minimums
C, ¢', D, and D’ occur where the current electrodes cross the sink
boundary, and maximums 4, 4’, B, and B’ occur where the potential
electrodes cross the boundary.

The resistivity values are not plotted at the position of the P,
electrode, but at a point midway between P, and P, for the p; values
and between P, and P, for the p, values. This plotting method,
known as “offset plotting,” is used throughout this report.

The profile in figure 72 is typical of the anomaly observed over a
sink filled with material of lower resistivity than that of the sur-
rounding rock. If the conditions were reversed, that is, if the resis-
tivity of the material in the sink were higher than that of the surround-
ing rock, the observed profile would be inverted, but it would still
have the same general characteristics. A4, 4’, B, and B’ would be
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FIGURE 72.—Theoretical horizontal-resistivity profile over a filled hemispherical sink.
(From Cook and Van Nostrand, 1954, fig. 6.)

minimums, whereas ¢, ¢’, D, D’, and the anomaly directly over the
sink would be maximums. In cross section the shapes of the channel
and the above-described sink are very similar; however, while the
channel may be assumed to have an infinite length, the sink has a
length equal to its width. Although the difference in length of the
two bodies would result in curves having different maximums and
minimums, the same features would persist and the location of the
discontinuities with respect to boundaries would be the same. The
width and position of the disturbing body can be estimated by de-
termining the distance betwen discontinuities 4 and B, which occur
at a distance a/4 outside the boundaries of the body. The center of
the body falls midway between A4 and B or at the point where the
p and p, curves cross.

Horizontal profiling measurements taken at various locations across
the Shasta Copper channel (figs. 73-76) indicate the heterogeneous
nature of the channel fill. All the profiles have an anomalous re-
sistivity high that can be correlated with the channel location.
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The anomalies can be placed in two general groups: those having
a sharp center peak with pronounced highs on either side (traverses
2-4), and those having only a broad central high that in many cases
extends over the entire channel section (traverses10,11).

Preliminary measurements were made along traverse 1 at three dif-
ferent electrode separations (fig. 77) to aid in determining the opti-
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FIGURE 77.—Horizontal-resistivity profiles and geologic section from drill-hole data along
traverse 1, Shasta Copper channel.

mum separations to be used in the immediate area. The outstanding
feature on the 100-foot-separation profile is the broad resistivity high
centered 800 feet northeast. Because the anomaly becomes smaller
with increased electrode separation, it may be assumed to be caused by
a near-surface feature, probably in the Monitor Butte member or in
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the upper part of the Shinarump member. There is no indication of
the channel anomaly on the 100-foot-separation profile; however, the
anomaly begins to appear on the 200-foot profile and is stronger on
the 300-foot profile. The surface irregularities on the 100-foot curve
are almost completely absent on the 300-foot separation curve.

The profiles in the first group (traverses 2-4, 7, 8) agree well with
the inverted theoretical curve (fig. 72), although the maximums and
minimums are not as pronounced, possibly because of the tempering.
effect of the highly conductive shale in the Monitor Butte. Sharper
peaks and troughs could have been obtained by taking more closely
spaced measurements in the anomalous zone. With an electrode spac-
ing of 200 feet, the side peaks should occur at approximately 300 feet
on either side of the central high, with p, occurring to the south and p.
to the north. On traverses 2, 3, 4, 7, and 8 the p, side peaks are
prominent; however, the p, maximums are somewhat obscured on
traverses 2, 3, and 4 by the resistivity high between 500 and 600 feet
northeast. The relative width of the central high is a measure of the
depth of the disturbing body ; therefore, the anomalies over the chan-
nel on traverses 2, 3, 4, 7, and 8 are probably caused by a highly re-
sistive body, relatively small in cross-sectional area and located within
the channel scour, or are associated with the channel and located in
the upper Shinarump section.

Profiles 9, 10, 11, and to some extent 1 and 6, are influenced pri-
marily by the total volume of the channel. These anomalies of the
second group indicate a large body with a higher resistivity than that
of the surrounding medium. The “noise” or irregularities superim-
posed on the broad anomalies are due to smaller bodies of high re-
sistivity located at or near the surface.

VERTICAL-PROFILING MEASUREMENTS

Adverse surface conditions often limit the accuracy of the vertical-
profiling method in determining the thickness of the Shinarump mem-
ber. Little, if any, overburden covers the bedrock over much of the
Monument Valley region studied. In many places the exposed rocks
are actually exfoliation slabs, partly insulated from the underlying
bedrock by air-filled planes of parting. These conditions result in
abrupt changes of surface and near-surface resistivity, causing irregu-
larities in the data. The irregularities are especially pronounced in
measurements taken at shorter electrode spacings, an especially im-
portant part of the data when depth determinations are made by
matching field curves with computed curves. However, satisfactory
data can usually be obtained even in areas having unfavorable surface
conditions if care is taken in orienting the configuration and in placing
the electrodes.
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In areas where the Shinarump member is covered by several feet
of alluvium it is usually possible to obtain vertical profiles which can
be interpreted by comparison with theoretical curves. Profiles plotted
from the field data generally show a minimum of 3 electrical layers
(corresponding to the alluvium, the Shinarump member, and the
Moenkopi) and in many places the profiles show as many as 5 electri-
cal layers as a result of vertical changes in resistivity within the
Shinarump member. These vertical changes in resistivity are associ-
ated with changes in lithology and water content. For the simple
3-layer curves, interpretation is made by direct reference to theoretical
8-layer curves (Wetzel, and McMurry, 1937). For the more compli-
cated conditions where the profiles show 4 or more layers, interpreta-
tion is made by partial-curve matching, using theoretical 2-layer
curves (Roman, 1934) to supplement the 3-layer curves.

Where the first part of the field profile is too irregular to permit a
theoretical analysis to be made, a qualitative interpretation can often
be made by matching curves from adjacent stations with respect to
curve shape and location of inflection points on the curves.

APPLICATIONS AND LIMITATIONS

The results of the horizontal- and vertical-resistivity profiling
measurements show that, subject to certain limitations, these methods
can be used to locate buried channels in Monument Valley. However,
the information obtained by these methods is more qualitative than
quantitative, and although the location of buried channels may be
determined, these methods can seldom be relied upon to give the
depths, widths, or shapes of buried channels.

The horizontal-profiling method is preferred because of its greater
speed and lower cost. Preliminary vertical-resistivity measurements
should, however, be made at various locations in the area to be ex-
plored in order to determine the optimum electrode spacings. In
general, the electrode spacings should be 1 to 3 times the depth to the
Shinarump-Moenkopi contact. Station spacing for the horizontal-
profiling measurements should be one-half the electrode spacing,
although shorter intervals are often required to map resistivity anom-
alies in greater detail. The horizontal-profiling measurements are
made on traverses at right angles to the estimated trends of the buried
channels, and the distance between traverses is governed by the chan-
nel curvature, local geologic and topographic factors, and the amount
of detail required for a given channel trend.

The Lee partitioning configuration has proved more useful than
the Wenner configuration for horizontal-profiling measurements.
One additional man is needed when using the Lee partitioning con-
figuration and a few seconds additional time is necessary for taking
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measurements, but the additional information obtained is of great
value in interpreting the data and is well worth the additional time
and personnel.

The limitations of electrical-resistivity methods for locating buried
channels in Monument Valley are partly inherent in the methods
themselves and are partly a result of local geological and topographic
conditions. Interpretation of electrical-resistivity measurements
cannot be considered to present unique geologic solutions even if field
curves can be perfectly fitted to theoretical curves. All that can be
said is that the electrical layering for the field station corresponds
to the theoretical conditions assumed in preparing the reference curve.
This electrical layering may or may not correspond to stratigraphic
or lithologic layering in the earth. Where the field curves do not fit
theoretical curves, interpretation of resistivity data is, of necessity,
empirical. In Monument Valley it is frequently difficult to obtain
measurements that plot as smooth curves that are amenable to theoret-
ical interpretation. This is partly because of poor electrode contacts
and partly a result of lateral and vertical resistivity changes in the
near-surface materials. Therefore, most of the vertical-resistivity
measurements must be interpreted by empirical rather than
theoretical means.

To produce a resistivity anomaly, the geologic target of the resis-
tivity survey must have a sufficient contrast in resistivity with respect
to the surrounding material so that measurable distortions are pro-
duced in the normal potential gradient. Such a contrast exists for
buried channels in Monument Valley, but lateral changes in resistivity
of near-surface materials and distortions produced by poor electrode-
contact conditions may in some places obscure anomalies caused by
channeling.

In spite of the limitations, electrical-resistivity measurements, when
properly made and interpreted, can contribute valuable information
to programs of channel exploration in Monument Valley, particularly
when used as a supplement to seismic-refraction measurements.

POTENTIAL-DROP-RATIO MEASUREMENTS

The potential-drop-ratio method was used in the El Capitan Flat
area to test a potential method using fixed current electrodes. The
only available equipment that had adequate sensitivity was the 400-
cycle a-c ratiometer, which was used for the electromagnetic
measurements.

In the usual potential-drop-ratio work described in the literature,
the potential electrodes are placed along a line that intersects one of
the current electrodes and is normal to the line joining the current
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electrodes. In the El Capitan Flat area the potential electrodes were
placed along the line joining the current electrodes or else at an
arbitrary angle with this line.

The potential-drop ratios were always normalized by dividing the
observed ratio by theoretical ratios calculated for a homogeneous
earth. To calculate these theoretical ratios, first the potential, ¥, due
to the two current electrodes was calculated at traverse points which
were separated by a distance equal to the electrode separation, using

the expression
=__P7'( 11
4 2w\ » 1"')

where p = resistivity of the earth,

I = current flowing between electrodes,

7 = distance from point in question to current electrode C,

7/ = distance from point in question to current electrode (..
Then the drop in potential between adjacent points was calculated
and the quotient of the adjacent potential drops was taken to obtain
the desired potential-drop ratios. These computations are fairly easy
and rapid to make when the traverse is along the line joining the cur-
rent stakes, but they are much more laborious when the traverse is at
an arbitrary angle.

Most of the normalized potential-drop-ratio curves are extremely
erratic and jagged, and very little can be learned from them. Normal-
ized potential-drop, or what are approximately potential-gradient,
curves were calculated from the normalized ratios, and curves that
are much smoother and easier to interpret were obtained. For
traverses along the line passing through the current electrodes, a 1:1
ratio was assumed to exist between the actual potential drop and the
theoretical potential drop between two points at one end of the line.
This ratio was multiplied by the normalized potential-drop ratio,
thereby giving the ratio between actual and theoretical potential
drops at the next station. This procedure was carried out for the
entire traverse by successive multiplication of the ratios. The result-
ing curve was plotted on semilog paper in order to give equal emphasis
to highs and lows. The zero-decibel level was arbitrarily made equal
to a normalized potential drop of 1.00. This normalized potential-
drop curve is roughly equivalent to a resistivity curve made with
fixed current electrodes. If the actual current flowing and the po-
tential drop between any two electrodes were known, all the data
could be presented as apparent resistivities.

RESULTS OF POTENTIAL-DROP-RATIO MEASUREMENTS

The normalized potential-drop profiles shown in figure 78 were
obtained with current electrodes spaced 2,600 feet apart. The ener-
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F16URE 78.—Normalized potential-drop profiles at 50-foot intervals, and geologic sections
from drill-hole data along traverses 1 and 2, Shasta Copper channel.

gizing cable was laid down as shown in figure 79 to minimize induc-
tion effects. A 400 cycles per second current of 1 to 2 amperes was
passed between ('; and C; and the ratio of potential differences between
AB and BC wasmeasured. Stakes 4, B, and C were positioned 50 feet
apart and moved toward C, at 50-foot intervals. Both in-phase and
out-of-phase potential-drop ratios were measured, but the out-of-phase
ratios were very small and erratic and were not used.
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F1cURE 79.—Sketch of layout for potential-drop-ratio measurements.

The potential-drop profiles show broad gradual highs approximately
centered in the middle of the traverse, with somewhat smaller fea-
tures superimposed. The smaller features are not directly related to
the geometry of the contact between the Shinarump and the Moenkopi,
but they probably represent a series of units having different resistivi-
ties that are indirectly related to the channel.

The broad gradual high is roughly centered over the channel, al-
though it does extend somewhat beyond what might be defined as the
edges of the channel. This large high is probably caused by a volume
of high-resistivity Shinarump within the channel. However, in a
general way the potential-drop curves are symmetrical with respect to
the center of the current-electrode arrangement. A possible explana-
tion of this gross behavior of the curve is that skin effect caused a
crowding of the current flow toward the surface near the center of the
traverse. An apparent anomaly may have been caused when the re-
sults were normalized by assuming a d-c distribution. The low values
of potential drops that occur at about 200 feet from either current
electrode might be explained on the basis of a three-layer earth. The
relative resistivities are high for the surface layer, low for the inter-
mediate layer, and high for the lower layer. This would cause low
potential-drop values at a distance from the current electrodes where
most of the current flow would be in the intermediate layer.
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ELECTROMAGNETIC MEASUREMENTS

The most common use of electromagnetic methods is in prospecting
for massive sulfide ore bodies. However, electromagnetic methods
have been used with varying degrees of success on such problems as
mapping shallow horizons in sedimentary rocks, locating ground-
water aquifers, and tracing buried structures that contain graphitic
beds.

As a result of surface and inhole-resistivity measurements made in
Monument Valley the authors believed that sufficiently large volumes
of Moenkopi or Monitor Butte rocks would cause a significant electro-
magnetic response but that the Shinarump rocks would have relatively
little effect on electromagnetic measurements. Hence, the problem of
locating buried channels in the Monument Valley region was visual-
ized as one of locating insulators surrounded by more conductive
material.

SLINGRAM AND TURAM METHODS

Equipment for testing two electromagnetic methods and their vari-
ations was available to the Geological Survey when the Monument
Valley studies were made. The method most extensively used was
slingram ; the other method was turam.

In the slingram method two small portable coils are used ; one serves
as a transmitter and the other as a receiver. A battery-powered
vacuum-tube oscillator energizes the transmitting coil at 3,600 cycles
per second. A ratiometer measures the ratio of the signal induced in
the receiving coil to a signal sent directly from the transmitting coil
by wire—if there is no conducting material in the vicinity, this ratio
is a constant that depends only upon the coil separation. Eddy cur-
rents are induced in any conductors in the vicinity of the coils, and
the magnetic fields associated with these eddy currents are superim-
posed upon the original field so that the ratio of the two signals is not
constant but depends upon the conductivity and the geometry of the
conductors.

In general, the time of arrival of the signals associated with eddy
currents is behind or ahead of the time of arrival of the reference sig-
nal. Hence, the ratiometer actually measures two ratios; one depends
upon the amplitude of the part of the receiver signal which is in phase
with the reference signal, and the other depends upon the amplitude
of the portion of the receiver signal out of phase with the reference
signal. The ratio of the in-phase anomaly to the out-of-phase anoma-
ly is small for poor conductors and large for good conductors. This
ratio also varies with the frequency and the size and shape of the
conductor.
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It is generally found in electromagnetic work that the in-phase ratio
is much more erratic or “noisy” in character than the out-of-phase
ratio. One reason for this is that errors in coil spacing and orienta-
tion due to topography and other causes affect the in-phase ratio
much more than they affect the out-of-phase ratio.

In the turam method (Hedstrom, 1940), a long cable grounded at
both ends and excited by an engine-driven alternator operating at 400
cycles per second is used as the energizing source. Two small receiv-
ing coils, separated by a distance of 20 to 200 feet, are used to make
measurements along traverses normal to the cable. A ratiometer is
used to measure the in-phase and out-of-phase ratios of the voltages
induced in the two coils. The data obtained are usually normalized;
that is, the field ratios are divided by theoretical ratios that have been
calculated by assuming an absence of conducting material.

The method described by Enslin (1955) was tried using the turam
equipment. The results were not encouraging, probably because the
method is not suitable for working over conductive horizontal strata.

The interpretation of electromagnetic data depends largely upon
theoretical and scale-model results. No theoretical or exact scale-
model results are available for a buried channel. However, theoretical
results such as those by Wait (1955) can be used to help estimate the
magnitude of the anomaly to be expected over a channel and scale-
model results obtained using metal sheets surrounded by air can indi-
cate the shape of the anomaly. For example, Wait’s curves indicate
that measured by the slingram method with a 200-foot coil separation
and a frequency of 3,600 cycles per second, the in-phase ratio should
change from about 129 to 104 percent and the out-of-phase ratio from
—14 to +7 percent in passing over a thick block of Moenkopi having
a resistivity of 20 ohm-meters to a thick block of Shinarump having
a resistivity of 200 ohm-meters.

A basic difference between the slingram and the turam methods
is that in with the slingram method the source of energy as well as
the receiving device is moved for each new station, whereas with the
turam method the source remains fixed. Because of this difference,
slingram anomalies are, in general, more complicated by edge effects
than turam anomalies over the same body. However, with the sling-
ram method each portion of the earth is treated in the same way.
Similar disturbing bodies give rise to similar slingram anomalies,
but with the turam method the anomaly depends upon the body’s
relationship to the energizing cable and to other bodies in the vicinity.
Thus identical bodies do not in general cause identical turam anoma-
lies. This distinction between the slingram and the turam method is
very similar to the distinction between the conventional resistivity
method and the potential-drop-ratio method.
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Considering the horizontal extent of the conducting units and the
lithologic and geometric grading of one unit into another, it is ex-
pected that in Monument Valley slingram data will be more useful
than turam data. Any difficulties in interpreting slingram anomalies
because of edge effects should be more than offset by the fact that,
unlike comparisons of turam anomalies, any large slingram anomalies
can be directly compared without taking into account such factors as
the distances from the energizing cable.

The depth range of turam is greater than that of slingram because
of the greater distance between the source and the receiver and also
the lower frequency used. At a coil spacing of 200 feet, which was
the maximum spacing of the equipment used, geometrical considera-
tions probably limit the depth of slingram investigations to 100 feet
or less for the poorly conducting rock units found in Monument
Valley. A thick layer of conducting material such as the Monitor
Butte would act as a shield and further limit this depth range.

RESULTS OF ELECTROMAGNETIC MEASUREMENTS

In using the slingram method in Monument Valley, the in-phase
ratio was usually so erratic that it was not used. For the slingram
method only the out-of-phase ratios are shown in this report. Along
any one traverse, adjacent observations have an accuracy of about 0.2
to 0.4 percent relative to each other. There may be as much as 1
percent instrument drift from one end of a line to the other, and the
base or zero level between individual traverses is not usually the same.
Also there may be errors of about 5 percent in the sensitivity of the
instrument from one profile to another because of changes which were
made in the level of the reference signal.

In the Monument Valley studies the slingram method was most
commonly used with the coils placed in the line of the traverse, ori-
ented in a horizontal position, and spaced 150 feet apart. Figures 80,
81 and 82 include typical results obtained with this coil arrangement
(plan of traverses shown in fig. 73) for 3 traverses made over a buried
channel where the Shinarump member is covered by 15 to 50 feet of
the Monitor Butte member. Figures 80 and 82 also show measure-
ments that were made with the coils horizontal and with a separation
of 150 feet, but with the coils broadside to, rather than in the line of,
the traverse. A few slingram measurements were also made with the
coils in vertical coaxial and vertical coplanar positions as illustrated
in figures 80 and 83. Turam measurements were made using several
techniques, but only the most successful results are shown in figure 83.
These measurements are the ratios of the vertical fields on traverses
normal to the energizing cable.
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If no other information were available, the inline slingram anom-
alies would probably be interpreted as representing a series of conduct-
ing bodies with the lows in the curves being edge effects occurring on
either side of the conductors. However, the broadside slingram and
the turam measurements demonstrate that the lows represent more
than edge effects about the conductors. With the broadside slingram
techniques, edge effects are small when the traverse is normal to a linear
feature. As stated previously, turam anomalies are much less compli-
cated by edge effects than are slingram anomalies. The excellent
agreement between the inline and the broadside slingram measure-
ments, together with the correlation of the major slingram anomalies
with the turam anomaljes, indicates that edge effects are not very im-
portant in electromagnetic measurements in this area. Thus, each
slingram reading may be regarded as a measure of the actual conduc-
tivity in the vicinity of the point of measurement.

Having established the significance of the slingram results it is
apparent that they are not related to the geometry of the contact
between the Shinarump and Monitor Butte, but rather to a series of
conductive and nonconductive rock units which, because of their posi-
tion, appear to be indirectly related to the channel. These units may
be traced over considerable distances by correlating adjacent profiles.
In general the individual units are continuous between traverses 1 and
8. At traverse 8 the pattern changes and a different system of units
is recognized between traverse 8 (fig. 81) and traverse 11 (fig. 82).
Between traverses 1 and 8 the slingram anomalies are more regular in
form and occur more nearly over the center of the channel than they
do between traverses 8 and 11. It is difficult to visualize the exact
geologic nature of these “electrical units.” The conducting units
may be some sort of mud bars, and the nonconducting units may be
sand bars and linear deposits of conglomeratic material.

Figure 80 shows an anomaly of about 8 percent for a traverse made
with the coils vertical and coaxial at a spacing of 100 feet. From
mode] data this limits the possible depth of the conductive unit to
no more than 40 or 50 feet. If other evidence to the contrary were
disregarded, the anomalies would seem to arise from within the Moni-
tor Butte member. Because this seems unlikely, the source of at least
some of the anomalies must be in the very top of the Shinarump
member and not within the channe] fill. The areal and vertical dis-
tribution of the sources of these anomalies seems to indicate that the
original channels in the Moenkopi tended to perpetuate themselves
as channels in the Shinarump member during the deposition of the
Shinarump. Geologic and geophysical evidence over another chan-
nel where the Monitor Butte member is absent tends to substantiate
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this hypothesis. Figure 84 includes a slingram profile taken over this
channel. As in the previous example, the anomalies are a series of
highs and lows offset from the center of the channel. Geologic map-
ping shows that the sedimentary structures in the section above this
channel trend parallel to the channel and almost normal to the gen-
eral trend of similar structures in the area.

OTHER GEOPHYSICAL METHODS
MAGNETIC MEASUREMENTS

The possibility that heavy minerals, including magnetite, might be
present in channels at the base of the Shinarump suggested the use of
the magnetic method as a means of locating channel structures. To
test this method an experimental magnetic survey was made in three
areas over known channels of various sizes, widths, and depths.

A vertical magnetometer with a scale constant of 22 gammas per
scale division was used to make the measurements. Stations were
spaced at 25-foot intervals along a line at right angles to the direction
of a known channel. Base stations were established and occupied at
time intervals not exceeding 114 hours to permit close control of diur-
nal variations. The vertical magnetic field intensities were computed
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by conventional methods and profiles were plotted from the values
obtained. The variations from the average vertical magnetic field
intensities of the profiles did not exceed =5 gammas. The results of
the magnetic survey indicate that this method is unsuitable for lo-
cating buried channels in the Monument Valley area.

GRAVITY MEASUREMENTS

The average density of a number of sandstone samples of the Shina-
rump and mudstone samples of the Moenkopi was measured and the
Moenkopi was found to be approximately 0.1 gram per cubic centi-
meter more dense than the Shinarump. This contrast, although small,
suggested the possibility of locating channels using gravity measure-
ments. The Koley Black Mesa area was chosen for testing the gravity
method because of its relatively level terrain and its large number
of channels.

Preliminary calculations indicated that the expected anomalies
would be less than 0.04 mgal (milligal); therefore, strict accuracy
was required during instrumental operation and surveying. Measure-
ments were made with a Worden gravimeter with a scale constant of
0.102 mgal per scale division using a 4-step oscillating method (Ro-
man, 1946). The estimated accuracy of the individual station values
was 0.01 mgal. Observations were taken at 20-foot intervals along
3 adjacent traverses, each 800 feet in length, that were normal to a
series of channels.

A number of gravity lows of approximately 0.05 mgal were ob-
served, and some correlated with channel locations. The curves were
too irregular, however, for a reliable interpretation of subsurface
structure. Most of the anomalies occurred in areas having sandy over-
burden, and subsequent drilling indicated that parts of the area are
covered by as much as 3 feet of sand. Differences in the thickness of
the sandy cover in parts of the area can explain the irregularity of
the data and many of the anomalies.

While it is possible that gravity measurements could be used to de-
tect and delineate large, deep channels, the accuracy required is so
exacting and time consuming that this method cannot be considered
economically feasible.

COMPARISON OF GEOPHYSICAL METHODS

From the foregoing discussion it is apparent that each of the meth-
ods that has proved applicable to the problem of locating buried
channels also has its limitations. Fortunately, in many places, strati-
graphic and lithologic factors that may limit the use of one of these
geophysical methods do not necessarily affect the others. For ex-
ample, seismic-refraction methods usually can be used with excellent



GEOPHYSICAL METHODS, MONUMENT VALLEY, ARIZ., UTAH 219

results in parts of Monument Valley where the Shinarump is exposed
at the surface. In the same areas, however, lack of overburden may
limit the usefulness of electrical-resistivity measurements by intro-
ducing surface effects caused by changes in electrode contact or by
shallow lateral resistivity changes.

A geologic section from drill-hole data of a channel in Monument
Valley is shown in figure 84, along with the results of seismic-refrac-
tion, electrical-resistivity, and slingram measurements on a traverse
across the channel. The contact between the Moenkopi formation and
the Shinarump member is shown as a solid line where determined
from the drill-hole data and as a dashed line where determined by
delay-time analysis of the seismic-refraction data. The seismic results
agree well with the location and configuration of the channel as deter-
mined by drilling, although the absolute depths do not agree exactly.
There is no doubt that the channel would have been located by the
seismic measurements. The horizontal-resistivity profile is highly ir-
regular and the anomaly caused by the channel is superimposed on
effects produced by near-surface variations. The slingram results are
less erratic than the resistivity results, and there seems to be an in-
direct relationship between the anomalies and the location of the chan-
nel scour. The resistivity anomaly 125 feet east on the traverse line
may have been caused by the buried channel, but the masking effect
of other resistivity highs and lows prevents positive identification of
the anomaly caused by the channel. Here, the seismic measurements
undoubtedly are superior in establishing the channel location.

Seismic and electrical measurements made over another channel in
Monument Valley are shown in figure 85. Here the Shinarump mem-
ber is covered by 30 to 80 feet of Monitor Butte rocks and 3 to 10 feet
of windblown sand. The seismic-refraction measurements cannot be
used to determine the depth to the Shinarump-Moenkopi interface
because the seismic velocity in the Monitor Butte member is higher
than the Shinarump member. By using relative delay times based
on a depth obtained from one of the drill holes in figure 85, the refract-
ing interface shown by the dashed line in the geologic section was de-
termined from the seismic data. Apparently there is a refracting
surface within the channel and well above the bottom of the channel,
as the dashed line does not follow the channel configuration indicated
by the drill-hole data.

The horizontal electrical-resistivity profile clearly shows an anom-
aly over the buried channel. It is not uncommon for refracting beds
within the channel to obscure completely the presence of the channel
on the seismic data, but often these same beds have little effect on the
electrical-resistivity anomaly. This is probably because of the rela-
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tively minor effect of thin lenses on the overall resistivity of the
material included in the resistivity measurements. Good correlation
is observed between all the major resistivity, potential-drop, and
slingram anomalies. In general, resistivity highs show up as less
pronounced slingram lows, whereas slingram highs show up as rather
small resistivity lows. Some of the smaller anomalies may be “noise,”
and therefore the apparent correlation is fortuitous; however, this:
apparent correlation between resistivity and slingram curves suggests.
that caution should be used in interpreting many of the resistivity
anomalies as edge effects.

Between traverse 1 and traverse 8 as exemplified by figures 74, 75,
80, and 81, both the resistivity and the slingram curves seem to be:
influenced by the same series of resistive and conductive units. How-
ever, on traverses 9, 10, and 11 (figs. 76, 86), the correlation be-
tween the resistivity and slingram results is rather poor. All the:
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features on the slingram profile show up at least as minor features
on the resistivity curve, but the slingram curve shows no reflection of
the broad gradual high in the resistivity curve. These results indicate
that between traverses 1 and 8 the sources of the anomalies contain a
considerable volume of material and that the absolute conductivity
of the conducting units is large. Between traverses 8 and 11 the broad
resistivity high indicates a large volume of material that has a some-
what higher resistivity than the surrounding strata. The electromag-
netic data indicate that this large volume of high-resistivity sediments
is interbedded with thin lenses of highly conductive material. Elec-
tromagnetic anomalies are dependent upon the absolute conductivity
of the disturbing bodies, whereas resistivity anomalies are dependent
only upon the resistivity contrast between the body and the surround-
ing medium. A body at depth, such as a sheet that is large in two
dimensions, can cause a large electromagnetic anomaly if the conduc-
tivity of the body is sufficiently high. However, a body at depth must
contain a considerable volume of material to cause a large resistivity
anomaly, even though the resistivity contrast may be great.

The resistivity and electromagnetic data combined present a more
complete picture than either set of data alone. Between traverses
1 and 8 the resistivity and slingram data seem to be equally diagnostic
of the channel, whereas between traverses 8 and 11 the resistivity data
are much more diagnostic than the slingram. On the basis of the small
amount of work done, the potential-drop-ratio method seems to have
advantages over the other electrical methods used. The potential-
drop-ratio data when presented in the form of potential drops are
essentially the same as values of apparent resistivity. The advantages
and disadvantages of the potential-drop-ratio method as compared
with conventional resistivity are those of a fixed-source method as
compared with a moving-source method. (See p.210.) The potential-
drop-ratio method is less complicated by edge effects than the resistiv-
ity method. The resistivity method treats each part of the ground
in the same way, whereas with the potential-drop-ratio method the
depth of penetration and other factors are different for each measure-
ment. Thus resistivity anomalies can be more readily compared with
each other than the potential-drop-ratio anomalies.

CONCLUSIONS AND RECOMMENDATIONS

Exploration for uranium deposits in the Monument Valley area of
Utah and Arizona is inseparable from exploration for buried chan-
nels, for the ore deposits are found in these channels. The function
of geophysics in a program of uranium exploration in Monument
Valley is to locate and delineate these buried channels and thus con-
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fine exploratory drilling to the search for ore bodies within the channel
limits, and to indicate the most favorable places within the channels
to drill.

Seismic-refraction and electrical-resistivity methods have proved
to be the most useful of the geophysical methods tested for locating
and delineating buried channels. Seismic-reflection, gravimetric, and
vertical-intensity magnetic measurements seem to be of little value in
locating channels in the Monument Valley area, and electromagnetic
and potential-drop-ratio methods have not been tested sufficiently to
determine fully their usefulness and limitations. However, the close
correlation of the data obtained by the two electromagnetic methods
and the potential-drop-ratio method is significant because such
measurements can be made much faster and more cheaply than with
electrical-resistivity measurements. If usable data can be obtained
with one of these cheaper and faster methods, these methods could
supplement or replace the resistivity method as an auxiliary tech-
nique for use in conjunction with seismic exploration.

Some channels yield only very small electrical anomalies that are
hard to separate from the background “noise.” Thus electrical meth-
ods may be used successfully only on an empirical basis and where
there is sufficient control. Areas in which anomalies in electrical
measurements occur should certainly be looked upon as favorable
places to drill. Once a channel has been discovered, electrical meas-
urements provide an economical method of tracing it.

The amplitude and pattern of the small electrical anomalies that
are usually regarded as “noise” vary from area to area. Often this
noise is probably related to such irrelevant factors as surface condi-
tions. However, it is suggested that some of this noise is related to
sedimentary structures and lithology. If electrical surveys were
made over large areas it might be possible to find ways in which the
noise pattern could be used as a guide to localities favorable for the
occurrence of channels.

Efficient use of geophysics in Monument Valley can reduce the
overall cost in time and money of a uranium exploration program.
The aim of any such exploration program is to find uranium ore
deposits, which are known to occur in buried channels in the Shinar-
ump rocks. An exploration program should be divided into three
phases: preliminary geologic reconnaissance; location of buried chan-
nels, and determination of their size and shape; and detection of
possible ore bodies within the channel limits.

Geologic reconnaissance could locate parts of the area where chan-
nels would be expected from outcrop data or from extrapolation of
channe] outcrops in surrounding areas. Places where the Shinarump
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member crops out or is covered by relatively thin overburden would
then be selected for geophysical exploration. Holes should be drilled
on widely spaced patterns, possibly on 1-mile centers, to establish
basic geologic control. These holes would then be logged for lithol-
ogy. Gamma-ray, resistivity, self-potential, and velocity logs should
also be obtained. These data are useful in interpreting the geophysi-
cal data in addition to providing basic information on the physical
properties of the rocks.

In the second phase of the program, geophysical measurements
should be made to locate and outline the buried channels. Assuming
that the preliminary geologic reconnaissance has provided some infor-
mation about the channel trends, reconnaissance seismic-refraction
measurements could then be made on traverses spaced a mile or more
apart and at right angles to the postulated channel trends. A grid
pattern would not be essential, however, and if the existing road and
trail network provides more convenient locations for the reconnais-
sance traverses, these roads and trails should be used. Where evi-
dence of channels is found on these reconnaissance traverses, short
seismic-refraction traverses should be shot on both sides of the recon-
naissance traverse to determine the channel trend. The channel
could then be traced through the area by a series of short traverses
at right angles to the channel trend.

In practice, channels have been traced for many miles in this man-
ner, using offsets of 500 feet between traverses. Often, a channel
may show on several parallel traverses, be missing on one or more
subsequent paralle]l traverses, and then reappear on following par-
allel traverses. Horizontal electrical-resistivity profiles for the tra-
verses on which there were no indications of a channel are then used
to determine whether the channel is actually present or is discontinu-
ous at these points. After the channels discovered by the reconnais-
sance traverses are traced, another series of reconnaissance traverses
is run at intermediate spacings between the original reconnaissance
traverses to detect other buried channels in the area. Channels indi-
cated on these new lines are traced as before, and the reconnaissance
grid is again closed, until the area is completely explored.

The third phase of the exploration program, drilling for possible
uranium ore bodies begins when the first channel has been delineated.
Channel bends and the deeper parts of channels are assumed to be
the most favorable places for uranium deposits to occur, so such
places indicated by the geophysical measurements are drilled first.
As new channels are discovered, they are explored by drilling for
possible ore bodies. Drilling is thus largely confined to the channels
themselves.
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The areas deemed favorable by geologic reconnaissance but unfa-
vorable for geophysical exploration are now reconsidered in view
of the new data from the surrounding geophysical and geological
exploration, and a suitable exploration program is worked out for
these bypassed areas.

In any such exploration program as just described, areas will prob-
ably be found where seismic-refraction measurements do not yield
reliable results, perhaps because of thick and heterogeneous Moni-
tor Butte cover, or lithologic changes within the Shinarump member
itself. Where this occurs, the electrical methods can often be used
to locate the buried channel. In other places none of the methods
may provide reliable data, and drilling must be used both to locate
and explore the channels. Geophysical methods are not, in any case,
a substitute for drilling. Where properly made and interpreted, how-
ever, seismic-refraction and electrical measurements can contribute
significantly to exploration programs for uranium deposits in Monu-
ment Valley.
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