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ABSTRACT

Landsat imagery covering the Hopi Buttes and Snowflake d is tr ic ts  of 

northeast Arizona was analyzed in an e ffo rt to aid in uranium 

exploration. Selection of these areas allowed for the exploration of 

uranium occurring within diatremes, as in the Hopi Buttes d is tr ic t ,  and 

within conventional sandstone units , as in the Snowflake d is tr ic t .  I t  

was fe l t  that i f  lineaments, indicating possible fa u lts , mapped from 

Landsat imagery could be correlated to known uranium deposits, such 

correlations could provide a basis for additional and more intensive 

exploration.

The id en tifica tio n  of lineaments was greatly improved by 

applying computer enhancement techniques to the imagery, but only 

within the Hopi Buttes d is tr ic t  was a correlation between lineament 

densities, lineament trends, and uranium-bearing structures attempted. 

In addition to the lineament studies, color composites of d ig ita lly  

enhanced Landsat Scenes served to delineate areas of past uranium 

production and uranium-associated a lteration  among the diatremes of the 

Hopi Buttes d is tr ic t .  Uraniurrt-associated a lteration  within the tabular 

sandstone deposits of the Snowflake d is tr ic t  was not detected on 

sim ilar color composite imagery. Since uranium-associated a ltera tio n  

was detected and a positive lineament correlation discovered within the 

Hopi Buttes d is t r ic t ,  further exploration in th is  area could be 

warranted.

x i



CHAPTER I

INTRODUCTION

The need for inexpensive methods of target area selection becomes 

apparent when large areas of re la t iv e ly  unexplored te rr ito ry  or new 

environments of ore deposition are considered. Photogeologic or imaging 

techniques that can delineate areas of greater or lesser p r io rity  are of 

considerable value in such exploration programs. Because of current 

uranium market prices and the sizes of exploration areas, methods that 

can detect smaller or mere geologically varied uranium deposits are of 

great importance. To assess the potential value of a Landsat-based 

uranium reconnaissance exploration program, Landsat computer-compatible 

tapes (CCT) containing d ig itized  scenes covering two test areas in north

eastern Arizona were acquired and a working scale of 1:250,000 was estab

lished. The images were then subjected to various computer enhancement 

operations and analyzed using conventional photogeologic in terpretation  

techniques.

The test sites for which imagery was acquired were the Ho pi Buttes 

area, located approximately 29 km north of Holbrook, Arizona, and the 

Snowflake area, a region bordered by the c it ie s  of Holbrook, St. Johns, 

and Snowflake, Arizona. Selection o f these two geologically d iffe ren t 

test sites allowed for an evaluation of the potential of Landsat-based 

exploration for both ta b u la r, sedimentary uranium deposits, as in the

1



Snowflake area, and pipelike or diatreme uranium ores, as in the Hopi 

Buttes.

2

Procedure

A lite ra tu re  review on the geology and uranium deposits of the 

Colorado Plateau and the two test areas was conducted. Various computer 

enhancement operations were performed on the imagery covering the test 

areas to assist in mapping and locating linear features and geologic 

structures. Each enhancement was then evaluated for its  display of 

desired geologic information. In addition to the enhancement operations 

for lineament analysis, computer operations were conducted in conjunction 

with color composite work to evaluate the p o ss ib ility  of identifying  

surface a ltera tio n  features associated with uranium m ineralization.

The relationships between fa u ltin g , lineaments, and uranium 

emplacement in the Hopi Buttes area were then studied. In addition, the 

a b il ity  of the Landsat imagery to show a ltera tio n  patterns associated 

with uranium m ineralization within both the Hopi Buttes and Snowflake 

tes t areas was evaluated.

Objective

The study was designed to test the effectiveness of Landsat 

imagery in detecting uranium m ineralization within the Hopi Buttes and 

Snowflake test areas of northeastern Arizona. Ore deposits are known 

to occur within these areas, but for the purpose of th is  study the tes t  

sites were regarded as unexplored te rra in . The major objective was to 

locate the deposits and to id en tify  characteristics common to a ll or 

most of the mineral occurrences.
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Previous Work

In recent years, many authors have indicated that naturally  

occurring ring photo!inear features are the visual expressions of local 

or regional fracture patterns. Until the early 1960s, most studies 

regarding photo!inears were made from re la t iv e ly  low -altitude aeria l 

surveys. Later, new and more advanced h igh-altitude photographic and 

imaging systems became availab le . As a re s u lt , photo!inear studies were 

expanded from the recognition of local patterns to the recognition of 

regional and continental patterns.

Some of the present-day analyses and interpretations regarding 

lineament patterns are derived from suggestions made by Hobbs (1911), 

who recognized that topography was commonly controlled by a systematic 

arrangement of fractures and lineaments. S im ilarly , prospectors and 

mining geologists have long recognized that a substantial number of mining 

d is tr ic ts  l ie  along linear trends many hundreds of kilometers long. 

Furthermore, they recognized that individual mines and mining d is tr ic ts  

within a linear mineral belt are commonly located at the b e lt 's  in te r

section with other lineaments or fracture systems. Levandowski, Jennings, 

and Lehman (1974) demonstrated the use of Landsat imagery in re la tin g  

lineament intersections to ore deposits in the Battle Mountain-Eureka 

mineral be lt of Nevada. Studies by Hodgson (1975) indicated the s ig n if i

cance of lineament analysis as a guide to regional minerals exploration 

in southern Arizona. Salas (1975) commented on the significance o f large  

lineaments detected from Landsat imagery and the occurrence of metallo- 

genic provinces in Mexico. Brockmann (1975) found that m ineralization  

was associated with the structural anomalies and longitudinal fau lts
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id en tified  on Landsat imagery in the highlands and western Cordillera  

of B olivia. Blanchet (1957) developed a technique of prospecting for 

o il by recognizing local deviations in regional lineament trends. Johnson

(1974) used th is  technique and Landsat imagery to locate the Newberg Reef 

natural gas f ie ld  in central Ohio. Worthing (1975) stated that every o il 

f ie ld  in the Michigan basin with an accumulation of 10 m illion  barrels of 

crude o il can be associated with lineament tectonic patterns and that 

Landsat imagery and lineament analysis can be extremely important in o il 

exploration within th is area.

The use of Landsat imagery for the spectral id en tifica tio n  of 

geologic reflectance anomalies associated with molybdenum m ineralization  

was investigated by Lyon (1975). Additional works by Albert and Chavez

(1975) in the Nabesna quadrangle of Alaska, Schmidt and Bernstein (1975) 

with copper porphyries in Pakistan, Rowan et a l. (1974) with hydro- 

thermal ly  altered areas of south-central Nevada, and Spirakis and Condit 

(c ited  by Sabins, 1978, p. 294) with uranium deposits and a ltera tio n  near 

Cameron, Arizona, demonstrated the use of Landsat imagery in the spectral 

id en tifica tio n  of a ltera tio n  zones resu lting  from mineralizing solutions. 

Sabins (1978, p. 293) summarized the work of O ffie ld  in which Landsat 

imagery was used to detect the reddish altered areas associated with 

uranium m ineralization in the Brooks Gap d is tr ic t  of Wyoming.

Additional studies illu s tra t in g  the successful application of 

Landsat imagery in lineament analysis and spectral id en tifica tio n  of 

mineral resources include Lyon (1975) in Nevada, Norway, and New Guinea*, 

Liggett and Childs (1975) in southern Nevada, eastern C a lifo rn ia , and
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northwestern Arizona; and Davis (1975) in the Colorado Plateau region 

of Arizona.

D efin itions
I - - - - - - - - - - - - - - - - - - - - - - - - - -

Because of the many and varied applications of aerial photography 

and o rb ita l imagery, the terms "lineament," " lin ea r,"  and "1 i neat ion" are 

often used loosely and in contradition to each other. Lattman (1959) and 

El-E tr (1974) have proposed defin itions for these terms on the basis of 

lengths as observed on the imagery and the features they represent. For 

th is  study, however, the defin itions proposed by O'Leary, Friedman, and 

Pohn (1976) are used due to their more sim plified and general nature. I t  

is the opinion of the author that a detailed and categorical terminology 

w ill only add confusion, especially for imagery studies that are regional 

in th e ir application, as in th is  thesis.

These defin itions accepted for use in th is study are:

Linear: ad jective, used to describe the lin e lik e  character of an 

object or objects.

Lineament: noun, a mappable, simple or composite linear feature on 

a surface whose parts may be re c tilin e a r  or s lig h tly  cu rv ilin ear. A 

lineament w ill d iffe r  s ig n ifican tly  from the shapes and patterns of 

adjacent features and is thought to re f le c t subsurface phenomena.

Li neation: noun, a one-dimensional structural alignment of 

internal components in a rock. I t  is  a small-scale feature re la ted  to the 

fabric of a rock and cannot be expressed as an individual feature on a

map.



CHAPTER 2

REGIONAL GEOLOGIC FRAMEWORK 

Setting of the Colorado Plateau

The Colorado Plateau physiographic province in Utah, Colorado, New 

Mexico, and Arizona represents a surface expression of approximately 

362,000 km .̂ Figure 1 shows the extent of the Colorado Plateau as 

defined by Fenneman in 1930 (c ited  by Kelley, 1955, p. 54) and represents 

the modern concepts as to the province boundaries (K elley, 1955). The 

plateau represents a part of the Grand Cordillera of North America and i t  

is  characterized by broad, general structural s ta b ility  when compared to 

the surrounding provinces. Kelley (1955, 1960) describes the eastern 

boundary of the plateau as the Colorado and New Mexico erogenic belt (the 

eastern Rockies), the northern boundary as the axial fold belt and Uinta 

u p lif t ,  the western boundary as the north-northeasterly trending basin- 

and-range belt of Utah and Nevada, and the southern boundary as the north

westerly trending basin-range belt of A'izona. The plateau extends 

approximately 500 km in the east-west d irec tion , and about 650 km in the 

north-south d irection. The average elevation of the plateau is 1500 m 

with smaller enclosed plateaus reaching elevations of 2750 m.

6
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Figure 1 -  Index map of the Colorado Plateau. — From Kelley (1955)
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Geology

Str atigraphy

For a general knowledge of the Colorado Plateau and additional 

detail the reader is referred to Kelley (1955, 1960). Only a b r ie f  

description of the geologic structure and framework as i t  pertains to th is  

study w ill be discussed. A general geologic characterization taken from 

Peirce, Jones, and Rogers (1977, p. 48) is  given below.

Surface gently ro llin g  to f la t ,  occasional deep, 
steep walled canyons and f la t  topped mesas.

Excellent sedimentary record re la t iv e ly  undisturbed 
by severe folding and/or fau lting .

Igneous actv ity  res tric ted  largely to volvanic 
flow rocks and associated fragmental m aterials.

Precambrian rocks exposed only at bottom of Grand 
Canyon and lo ca lly  on the Defiance Plateau.

The rocks cropping out in the plateau range from Precambrian to 

Tertiary  in age, with only lim ited areal exposures of the Precambrian 

assembly. Kelley (1960) also reported that the rocks of late Tertiary  age 

are very res tric ted  in outcrop, consisting mostly of lava flows and other 

volcanics within the San Francisco, Ho p i , and Taylor volcanic fie ld s  and 

the Bidahochi and Chuska formations in Arizona and New Mexico. The 

Precambrian basement rocks are covered by a sedimentary rock layer ranging 

in thickness from 1.5 to 5 km. These units are re la t iv e ly  f la t  lying but 

have been lo ca lly  disturbed by fau lts  and folds; some faults  are thought 

to penetrate through the Precambrian (F ischer, 1968). This stratigraphic  

column of sedimentary units is predominately Paleozoic and Mesozoic and 

includes prim arily marine and nonmarine mudstones, sandstones, and 

limestones. These beds are reported to be average in thickness by Kelley 

(I9 6 0 ), but th ick anomalies do occur in several o f the Jurassic, T riassic ,
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and Permian sandstone formations. A generalized stratigraphic column of 

the upper Paleozoic and Mesozoic formations in the Colorado Plateau is 

given in Figure 2.

Structure

As previously stated, the Colorado Plateau is an area of re la tiv e  

s ta b il ity  as compared to surrounding provinces. Kelley (1960).divided the 

principal structural elements of the plateau into six major categories:

(1) basins, (2) u p lif ts , (3) monoclinal flexures, (4) domes of igneous 

intrusions, (5) platforms, slopes, and broad saddles, (6 ) fold and fa u lt  

be lts . In addition to these features, the plateau has many occurrences of 

igneous plugs, diatrernes, caldron sinks, dikes, and jo in ts .

There are three major and four minor basins within the plateau 

accounting for approximately a th ird  of the to tal area encompassed by the 

province. These basins vary considerably in s ize , shape, and structural 

r e l ie f .  The three major basins are the U inta, Piceance, and San Juan.

The four minor basins are the Kaiparowits, Blanding, Henry, and Black Mesa 

(K elley, 1960).

Kelley (1960) divided u p lifts  within the plateau into two groups: 

those caused by tangential compression or vertica l horsting and those 

caused by igneous intrusions. I f  one considers only u p lifts  caused by 

tangential compression and horsting, there are 10 principal u p lifts  

occupying about 20 percent of the plateau. According to Kelley (1960) 

these u p lifts  are of two d is tin c t orientations: northerly and north

westerly. All are asymetrical. Fischer (1968) reported that these 

up lifted  blocks are probably bounded by fau lts  in the Precambrian basement



System Major units General distribution and Principal characteristics and origin
and approximate average thickness

equivalents or range (feet)

Utah Ariz. Colo. N. Mex.

a

1
Mesaverde Group 3000 1000 2000 1000 Sandstone and shale: continental and marine
Mancos Shale 3000 1000 3000 1000 Shale, dark-colored: marine

3 Dakota Sandstone 100 100 100 100 Sandstone and shale: continental
o Burro Canyon Formation 200 0 0-200 100 Sandstone and mudstone: continental

Morrison Formation 800 800 600 500 Sandstone and mudstone: continental
a Bluff and Junction

1
Creek Sandstones 0-300 0-60 0-200 100 Sandstone: continental (eolian)

Summerville Formation 300 100 100 100 Shale: marginal marine
Curtis Formation 200 0 0 20-100 Limestone and gypsum: lagoonal (?)
Entrada Sandstone 500 200 200 150 Sandstone, shale, limestone, and gypsum:

marginal marine
Navajo Sandstone 1000 500 100 0 Sandstone: continental (eolian) -?*
Kayenta Formation 200 200 200 0 Sandstone: continental

2 Wingate Sandstone 500 500 0-300 100 Sandstone: continental
.2 Chinle Formation 700 1000 500 1000 Shale, sandstone, and conglomerate: continental

Moenkopi Formation 600 400 400 ? Shale and sandstone: marginal marine

E Cutler Formation 1000 1000 1000 1000 Shale and arkosic sandstone: continental
i

Figure 2 -  Generalized stratigraphic column of Paleozoic and 
Mesozoic formations in the Colorado Plateau. — 
From Fischer (1968) »
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rocks and that the sedimentary cover drapes over the edges of the u p lifts  

without apparent fau ltin g . These features form the prominent monoclinal 

flexures within the plateau.

The igneous domal u p lifts  of the plateau consist of large plugs, 

stocks, and lacco liths , these broad domes extend la te ra lly  away from the 

in trusive centers. U p lifts  within the plateau considered to be the resu lt 

of igneous doming are the La Sal, Henry, San Juan, Abajo, and other 

similar structures (K elley, 1960).

Monoclines have accounted for most of the deformation within 6 he 

province. In addition, monocl inal structures are generally re lated  to 

demarcation lines between the u p lifts  and adjoining basins (K elley, 1960).

The platforms, slopes, and saddles within the plateau fa ll  into a 

structural class between the basins and u p lif ts . These features account 

for almost h a lf of the surface area within the province. In addition, 

because platforms, slopes, and saddles commonly form the boundary line  

between u p lifts  and basins, they are considered to represent the essence 

of the plateau structure (K elley, 1960).

Fold and fa u lt belts consist of re la t iv e ly  small, narrow fo lds, 

which are mere compressed than the broad folds of other plateau 

structures. Examples of th is  type of tectonic structure include the 

Paradox fold and fa u lt b e lt, Piute fold b e lt, and Capitol Reef fold b e lt.

A map o f the principal tectonic divisions of the Colorado Plateau is shown 

in Figure 3.

F a u l t s  w i t h in  th e  p la te a u  a re  g e n e r a l l y  h ig h - a n g le  r e v e r s e  s l i p  or

normal s l i p  f a u l t s .  The h ig h - a n g le  r e v e r s e  f a u l t s  a re  more prom inen t on

th e  e a s te rn  edge o f  th e  p la t e a u ,  w h i le  most o th e r  f a u l t s  exposed w i t h in



Figure 3 -  Geography of structural units of the Colorado 
Plateau. — From Kelley (1955)
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the province are of the normal type (Fischer, 1968). Large normal fau lts  

occur along the elongate up lifted  blocks on the western side of the 

plateau and are located within many of the regional tectonic structures 

in the province. Faults of small to moderate displacement occur along 

many of the monoclines and sa lt an ticlines of the Paradox fold b e lt. 

Fischer (1968) suggested that these small fau lts  could be surface expres

sions of fau lting  within the Precambrian basement rocks. Additional minor 

fau lts  and jo in t systems are reported to be common and abundant throughout 

the plateau in both the competent units and less competent mudstones and 

claystones (Fischer, 1968; K elley, 1960).

Collapse structures are re la t iv e ly  common within the plateau, 

most notably in the Laguna area of New Mexico, Moab d is tr ic t  of Utah,

Grand Canyon area of Arizona, and the San Rafael swell of Utah. These 

structures are usually a few hundred meters in.diameter with the central 

portion displaced downward by a few hundred meters. Intensive breccia- 

tion is often associated with these features.

Igneous A c tiv ity

Igneous a c tiv ity  within the plateau is re la t iv e ly  minor in extent 

as compared to that in the regions bordering the provinces to the east, 

west, or south. The age of th is  volcanism ranges from early Tertiary  to 

Quaternary.

Influence of Regional Tectonics on D istribution  
and Genesis of Uranium Ore

There is l i t t l e  obvious or d irect re lationship  between the large- 

scale tectonic features of the Colorado Plateau and the d is tribu tion  o f
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uranium ore within the province. I t  is reasonable to assume, however, 

that these tectonic structures have had an important but indirect 

influence on ere d istribu tion  (K elley, 1960). Geologic conditions 

resu lting  from large-scale tectonic features that could have had an 

ind irect influence on ore depositions include:

1. Sedimentary environments

2. Paleohydrology

3. Igneous a c tiv ity

4. Geomorphology and erosional history

The geographic d is tribu tion  of uranium m ineralization is  

widespread on the plateau, but the major concentration of uranium occurs 

within the central portion in a northwesterly trending be lt (Kelley,

I960). This m ineralization occurs in almost every formation within the 

stratigraphic section, but most known reserves are found within two 

re la t iv e ly  thin in terva ls , the Westwater Canyon member of the Morrison 

Formation and the Shinarump Conglomerate (Kelley, 1960, Fischer, 1968). 

These two units are composed of sandstone and conglomerate with claystone 

partings and abundant carbon debris associated with mineralized horizons 

(K elley, 1960). The mineralized horizons in the Morrison and Shinarump 

are widely overlain by the Brushy Basin and Chinle Formations. Both of 

these units contain claystones with large amounts of volcanic m aterials.

When considering the p o ss ib ilit ies  of a regional tectonic 

influence on the deposition of uranium ere, one should consider the range 

in genetic p o ss ib ilit ies  for the ore deposits on the plateau. In general, 

uranium is stable at both high and low temperature ranges, because of 

th is , almost every standard genetic type of m ineralization has been
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proposed for uranium deposits (Gabelman, 1970, Kelley, 1960). Most 

uranium deposits on the plateau are considered to be of one or more of the 

following genetic types:

1. Syngenetic - -  in sandstone and claystone

2. Ground water

a. Supergene

b. Lateral secretion

3. Hydrothermal

For deposits of syngenetic o rig in , the regional tectonics of the 

plateau have a strong bearing upon the possible source areas and 

depositional basins that led to the development of the deposits. In th is  

type o f o rig in , uranium-bearing materials and enclosing sediments are 

deposited simultaneously. The m aterials containing uranium ions can 

accumulate during the erosion of surrounding source areas. Ground water 

can then enrich the deposit by supergene processes (Kerr, 1958). For the 

Shinarump ores, the source areas may have corresponded to the Uncompahgre 

u p lif t  to the northeast and possible areas to the south (K elley, 1960).

For the Morrison, the source areas could have been in the Uncompahgre-San 

Juan region, with other possible source areas to the northwest (K elley, 

1960).

A major drawback to a syngentic theory is that i f  ere in the 

Morrison and Shinarump Formations were derived from surrounding source 

areas, sim ilar amounts of ore would have been deposited within other 

stratigraphic formations that had th e ir sedimentary material delivered  

from the same source areas.
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In considering deposition by ground water as the possible origin  

of the plateau deposits, the regional paleohydrology, paleostructure, and 

paleovolcanism would have had a s ign ificant e ffe c t. For super gene 

deposits, ground water could have come in contact with uranium-enriched 

material and through repeated c ircu lation  a uranium-enriched horizon could 

have been developed within a stratigraphic in te rva l. The mechanism of 

precip itation could have been through contact of ore-rich solutions with 

carbon m ateria l, a rg il ! ic  m ateria l, or other debris (Kerr, 1958). Recent 

work by Capuano (1978) indicated that water circu lating  through 1.6 km of 

arkose containing 20 ppm uraninite can form a 0.5 percent uranium deposit 

4.5 km wide in approximately 164,000 years. This work tends to give added 

support to a possible ground-water leaching theory.

A second form of ground-water deposition is through la tera l 

secretion. For deposition by la te ra l secretion, paleohydrology, 

volcanism, and structural history again play a major ro le  in ore 

accumulation. During deposition through la te ra l secretion, ground water 

must come into contact with igneous flu ids  rich  in uranium ions. The 

contaminated ground waters then traveled la te ra lly  through sedimentary 

m aterials until precip itation of ore is triggered. Uranium ions can be 

transported for considerable distance prior to deposition (Kelley, 1960).

There are few deposits within the plateau that are unquestionably 

hydrothermal, but the p o ss ib ility  exists that a ll plateau deposits are 

d ire c tly  or in d irec tly  hydrothermal in o rig in . In considering the 

hydrothermal theory, regional structure and paleovolcanism are o f 

importance. Kerr (1958) strongly supported the hydrothermal orig in . 

Reinhardt (1952) stated that a ll important deposits within the plateau
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occur within 50 km of igneous centers. Kelley (1956), however, pointed 

out that due to the scattered nature of plateau volcanism, a 50 km 

radius around volcanic centers would essentia lly  blanket the province. 

The introduction of hydrothermal flu ids  into a sedimentary unit could 

have been by surface flow, lin ea l flow from fissures, pipelike  

conduits, fissure , intersections and channels, or by widespread 

pervasion. Kelley (1960) indicated that these structures are extremely 

hard to id e n tify , but lack of id en tifica tio n  does not preclude a 

hydrothermal o rig in .

Although there may not be a d irect connection between regional 

tectonics and uranium ore emplacement on the plateau, both recent and 

past s tru ctu ra l, volcanic, and especially hydrological events have had 

a major e ffe c t. Work by Kerr (1958) with uranium-bearing black shales 

at Gallup, New Mexico; B ollin  and Kerr (1958) with the sandstone ore at 

Cameron; Robertson (1970) with channel sandstones on the plateau; and 

Nininger, Gabelman, and Adler (1970) with uranium ores in northern 

Arizona support the theory of an ind irect control by regional tectonics 

over uranium ere emplacement. Also, the importance of paleohydrology 

is stressed by Young (1977), Mai an (1968), and Kelley (1960).

A b r ie f outline of the regional and local tectonic characteristics  

most lik e ly  to favor the deposition of plateau uranium ores are:

1. Location in a re la t iv e ly  stable area with the accumulation of 

re la t iv e ly  f la t - ly in g , unfolded f lu v ia l ,  or de lta ic  sandstone.

2. Tuffaceous sediments overlying basin areas, with the sediments 

providing a source of uranium as well as solutions capable of!caching 

uranium.
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Figure 17 - Histogram of gray level distribution before enhancement, 
band 7» Hopi Buttes.
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3. A lternating fine and coarse-grained continental elastics  

such as sandstones and mudstones that provided adequate 

but not excessive transm issivity and impermeability.

4. Large accumulation of f lu v ia l sandstones in fan deposits 

with formations of local unconformities.

5. Arkosic sandstone lithology and an abundance of sporadically  

distributed organic matter.

6 . S uffic ient closure to prevent rapid regress of ground water 

with an accompanying lowering of water-table levels.

7. Abundant stratigraphic , chemical, and tectonic traps that 

provided loci for uranium deposition and barriers to migra

tion  of uranium.



CHAPTER 3

URANIUM ECONOMICS, COLORADO PLATEAU

Sandstone uranium deposits are currently estimated by the Energy 

Resource Development Administration (ERDA) (1978) to contain approximately 

90 percent of the United States reserves. Based upon a $30 per pound 

price for refined uranium yellow cake, sandstone deposits could to ta l 97 

percent of the nation's reserves (Table 1) .  Patter son (1970) stated that 

of the to ta l amount of U.S. reserves, approximately 49 percent l ie  within  

the plateau, with 75 percent of the to ta l production up to 1970 being 

attributed  d ire c tly  to the plateau. Estimates released by ERDA in January 

1978 a ttrib u te  56 percent of the to ta l tons of $30 reserves to the plateau 

(Table 2 ). In addition, ERDA and the National Academy of Sciences 

estimates show that the d is tribu tion  of uranium deposits in the western 

United States favors the plateau by approximately 1.2 to  1 over the 

adjoining provinces (Table 2, Figs, 4 and 5 ) .

Future speculation on the importance of plateau uranium production 

in United States-based exploration is supported by 1978 estimates of 

potential reserves released by ERDA. Potential reserves are divided into  

three classes: probable, possible, and speculative, based on guidelines

outlined by ERDA. Estimates (ERDA, 1978) indicate that the plateau 

contains 50 percent of the probable, 54 percent of the possible, and 11 

percent o f the speculative reserves (Table 3 ). I t  is the opinion of th is

19
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BASIN, RANGE, AND OTHER 
FAR WESTERN PROVINCES

NORTHERN ROCKY MTS.

WYOMING BASIN MODIFIED

j 1
COLORADO PLATEAU AND 
SOUTHERN ROCKY MTS.
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Figure 4 - Distribution of uranium deposits in the Western United 
States. —  National Resource Counsel (1975, p. 57)
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Figure 5 - Outline of major sandstone uranium-producing
districts. — National Resource Counsel (1975, p. 58)
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Table 3 - D istribution of 1/1/78 $30 potential resources by region. 
(ERDA 1978, Page 80)

Resource Region Probable Possible Speculative

Colorado Plateau 
Wyoming Basins 
W. Gulf Coastal Plain 
Others: (Rocky Mountains, 

Basin and Range, Great 
Plains, Pacific  Coast, 
Sierra Nevada, and 
Central Lowlands)

500.000
270.000
115.000

130,000

625,000
50.000
60.000

400,000

25.000
30.000
20.000

340,000

Total 1,015,000 1,135,000 415,000
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w riter that the future uranium resources for the plateau are contained 

within the possible and speculative categories and that th is combined 65 

percent of the national to ta l of uranium reserves w ill play a s ig n if i

cant ro le  in the selection of future exploration targets.

Additional estimates released by ERDA in January 1978 indicate  

that rocks of two major geologic time divisions, Jurassic and T riass ic , 

contain 5.7 and 1 percent, respective ly, of the possible uranium 

reserves nationwide. Again, estimates by Fischer (1968) and ERDA (1978) 

indicate that most plateau uranium reserves are located within Jurassic 

and Triassic rocks with 95 and 4 percent of the to ta l uranium poten tia l, 

respectively. An estimate of special in te res t, especially in view of 

th is  study, is that Tertia ry  rock units are thought to contain 37 

percent of the nation's reserves; the plateau containing 1 percent of 

th is  to ta l (Table 4) (ERDA, 1978; Fischer, 1968). As stated e a r lie r ,  

T ertia ry  rocks within the plateau include volcanic flows, collapse 

features, dikes, and diatremes. Pierce, Keith, and Welt (1970) indicate 

that such structures are of major importance as uranium-bearing units , 

especially for Arizona. Nationwide, such structures have been estimated 

to contain 6 percent of the to ta l amount of $8 uranium resources (Table 

5 ) . I t  should be noted that th is 6 percent estimate is based upon an $8 

per pound uranium value. Current market value for uranium at the time 

of th is  study was $42.00 per pound. This increase in market value in 

turn increases the economic importance of the diatrem e-pipe!ike uranium 

occurrences, which tend to be both small in size and tonnage. An

in c r e a s e  in  e x p lo r a t io n  w i t h i n  th e  p la te a u  f o r  such s t r u c t u r e s  i s

in d ic a t e d  by th e  f a c t  t h a t  t h r e e  m ajor m in e ra ls  companies a re  c u r r e n t l y
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Table 4 - D istribution of 1/1/78 ore reserves by geologic age, 
530 reserves. (ERDA, 1978, page 79)

Geologic Age Tons Ore "  u3°8
% Total 

Tons UgOg No. Deposits

Late Tertia ry 87,200,000 0.07 8 159
Early Tertiary 262,700,000 0.08 29 407
Cretaceous 21, 000,000 0.05 2 125
Jurassic 359,000,000 0.11 57 818
Triassic 4,200,000 0.10 1 166
Paleozoic 2,400,000 0.21 1 45
Precambrian 17,500,000 0.07 2 60

Total 745,000,000 0.09 100 1,780
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Table 5 - D istribution of potential resources by geologic type, 
1 /1 /74 , $8.00 reserves. (NRC, 1975, page 91)

Type Tons UgOg Percent

421,200 93.60

27,300 6.00

1,500 0.40

Sandstone, conglomerate 

Vein, contact, pipe 

Linestone, lig n ite

450,000 100.00
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engaged in exploration for th is type of deposit. A stable uranium price 

price of approximately $40 per pound projected through 1985 indicates a 

favorable outlook for these exploration targets (Jones, 1978).

Future exploration projects and the v ia b ili ty  of smaller uranium 

deposits are largely dependent upon the domestic and international demand 

for uranium products, and subsequently, the market price for refined  

UgOg yellow cake. A decrease in demand would resu lt in a decrease in 

market value and, in turn , a decrease in exploration for additional 

reserves. The lower grade, smaller targets would be the f i r s t  to be 

eliminated from the exploration programs. Factors that could resu lt in a 

decrease in the market value of uranium include:

1. Uncertainty of the future of nuclear power in the United States.

2. Decisions involving the development of lig h t water breeder reac

to rs .

3. Development of recovery processes increasing the percentage of 

uranium extracted from ores.

4. International ca rte ls , embargoes, or moratoriums on the ship

ments of enriched uranium ores and reactor developments.

5. Decrease in available capital for the development of e lec trica l 

(nuclear) generating plants.

6. Government policy regarding the disposal of enriched uranium 

ta ilin g s .

7. Environmental considerations involving both mine location and 

reactor location (Jones, 1978; ERDA, 1978; NRC, 1975).



CHAPTER 4

LOCATION AND GEOLOGY OF THE SELECTED 
STUDY AREAS

As stated in the previous chapter, the d istribu tion  of uranium in 

diatremes, pipelike and vein deposits, accounts for approximately 6 per

cent of the national reserves at an $8 per pound value. With the present 

increase in demand and a current market value o f $40 per pound, these 

re la t iv e ly  minor occurrences of uranium are now promising exploration 

targets. Peirce et a l. (1977) stated that one of the major types of 

uranium occurrences in Arizona has been the pipelike and diatreme deposits 

of the Colorado Plateau.

Location of Study Areas

To investigate the fe a s ib ility  o f using Landsat imagery as an 

exploration tool for locating diatreme, p ipe like , and tabular sandstone 

deposits, two locations in northeastern Arizona were chosen for study 

(Figure 6 ) . The f i r s t  area covers the Hopi Buttes d is tr ic t  of northeast

ern Arizona and contains uranium associated with diatremes. The second, 

labeled the Snowflake test area, lie s  between the c it ie s  of Holbrook, St. 

Johns, and Snowflake, Arizona, and contains conventional plateau sandstone 

uranium deposits.

28
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SNOWFLAKE TEST AREA
150 MILES

Figure 6 -  Location of tes t areas.
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Geology of the Hopi Buttes Area

The Hopi Buttes, a portion of the Navajo and Hopi Indian Reserva

tions of northeast Arizona, is an area characterized by scattered buttes 

and mesas, supported and preserved by volcanic rocks. Approximately 250 

diatrernes are located within the two reservations, the m ajority being 

situated at Hopi Buttes. These structures have attracted the attention of 

several geologists due to th e ir unusual nature and numerous associations 

with scattered uranium deposits within the area.

Geologic Structure and Setting of the Diatremes

Most geologic work compiled on the Hopi Buttes area was performed 

by Shoemaker, Roach, and Byers (1962), Shoemaker (1955), Hack (1942), and 

Gregory (1917). Shoemaker et a l. (1962) described the diatrernes as being 

intruded into a shallow Pliocene basin which was receiving sedimentation 

at the time of the volcanic a c tiv ity . The surface on which th is  basin was 

formed has been id en tified  as a peneplain by Gregory (1917), with an 

unconformity marking the boundary between the older plateau rocks and the 

younger Pliocene basin sediments. Additional studies by Shoemaker et a l . 

(1962) and Hack (1942) described the underlying older plateau rocks as 

being o f gentle dip and ranging in age from Paleozoic to Cenozoic. A 

formation of principal in terest in the area is the Bidahochi Formation, 

f i r s t  described by Regan in 1924 (c ited by Shoemaker et a l . ,  1962, 

p. 330), i t  underlies about ha lf of the region (Shoemaker et a l . ,  1962). 

This unit was described in de ta il by Hack (1942) and is thought to have 

been deposited in a shallow Pliocene basin by streams flowing from the 

north and east. This is the sedimentary bed in which many of the
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diatrernes are exposed and preserved, a ll at their original surface levels . 

Bidahochi sedimentation extended southeast as far as the Zuni area of New 

Mexico. Hack (1942) stated that volcanic debris is abundant throughout 

the Bidahochi Formation, dominating the stratigraphic section near the 

domes and d iatr ernes that were the source areas. He also indicated that 

the composition of the volcanic debris is basaltic , ranging in varie ty  

between limburgite and monchi quite in most areas.

The mechanism of development of a diatrerne was described in deta il 

by Hack (1942), b r ie fly  stated, there are three stages of formation:

(1) explosive a c tiv ity  and "gas coring" of the vent, (2) subsidence, 

collapse of the walls, and sedimentary in f i l l in g  of the c ra te r, and (3) 

quiet upwelting of lava. In addition, diatrernes are thought to be funnel- 

shaped and to increase in diameter toward the surface. At depth, a dia

tr  erne narrows and becomes associated with a system of fractures present in 

the earth 's crust (Hack, 1942). Several detailed accounts of the struc

tura l composition and erosional exposure levels of d ia tr ernes in the Hopi 

Buttes are given by Hack (1942). As indicated by Hack (1942), Shoemaker 

(1955) and Shoemaker et a l.  (1962), the diatrernes are composed of a lk a lic  

basalts, or monchi quite. Kimberl i t i c  material is also present in a few 

locations in the area.

In addition to the volcanic m aterials. Hack (1942), Shoemaker 

(1955) and Shoemaker et a l.  (1962) described the materials that f i l l  the 

funnel-shaped vents of the diatrernes. These materials were derived by 

collapse of overlying sediments and include tu ffs , agglomerate, and 

in trusive and extrusive monchi quite. W ater-laid, laminated silts tones, 

gypsum, and traventine have also been id en tified  (Hack, 1942, Shoemaker
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large blocks in the underlying slump debris that projects through the 

surface o f the unconformities. Shoemaker (1955) stated that a few 

occurrences of mineralized rock material have been found in dikes adjacent 

to the diatrernes. The highest known concentrations of uranium occur in 

laminated siltstones that unconformably overlie deformed beds of coarse 

t u f f ,  tu ff-b re c c ia , and agglomerate (Shoemaker, 1955). Figure 9 is a 

diagrammatic representation of a uranium occurrence in the Horseshoe 

diatrerne at Hopi Buttes.

Mineralogical studies performed by Shoemaker (1955) indicate the 

presence of several minerals associated with the uranium, most notably 

copper, but only molybdenum has been found to have a d e fin ite  correlation  

with uranium. He also stated that the mineral forms in which the uranium 

occurs are not fu lly  understood.

The ore grade of the deposits at Ho pi Buttes is low in general, 

and the deposits are probably of only minor economic importance. Peirce 

et a l. (1977) indicated a value of approximately 0.01 percent with local 

occurrences o f 0.2 percent. Only one deposit, the Moral claim, produced a 

few tens of tons, averaging about 0.17 percent U3O3. Shoemaker et a l . 

(1962) indicated that selected grab samples have run as high as 0.40 to 

0.50 percent UgOg.

The exact nature of the ore emplacement at Hopi Buttes is not 

fu lly  understood. Kerr (1958) indicated the p o ss ib ility  of a hydrothermal 

o rig in . Shoemaker et a l. (1962) stated that the m ineralization is 

epigenetic and that the close association of uranium m ineralization with 

limestones rich  in PgOg and resembling travertine indicates a possible 

hot springs or late-stage hydrothermal d iffe re n tia tio n .
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Figure 9 - Uranium occurrence in a diatreme. — Kerr (1958)
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Geology of the Snowflake Area

The Snowflake area lie s  within the central portions of Navajo and 

Apache Counties, Arizona, and is part o f a structural subdivision of the 

Colorado Plateau called the Mogollon slope. This area represents a region 

of broad homoclinal structure that extends from the Mogollon Rim in the 

south to Black Mesa basin and the Defiance u p lif t  in the north. The 

regional dip of the strata is  northeast, with the general slope of the 

land surface south of the L i t t le  Colorado River being to the north. North 

of the L it t le  Colorado River, however, the land slopes south to the r ive r  

and northwest to the Puerco River. A ltitudes range from 1,580 meters in 

the central portions of the test area to approximately 2,380 meters in the 

southern portions.

Structure

Detailed accounts of the structural relationships within the Snow

flake area were given by Gregory (1917), Harrell and Eckel (1939), Bahr 

(1962), and Akers (1964). Akers (1964) described several an tic lin a l folds 

within the area, three located near Hunt, approximately 24 km northwest of 

St. Johns, fiv e  located southeast of St. Johns, and several within the 

Puerco River area just north of the study s ite . Harrell and Eckel (1939) 

indicated the presence of such structures around St. Johns and stated that 

the Moenkopi Formation within th is  area appears to be truncated and to  

overlie  the Chinle Formation.

The major a n t i c l i n a l  s t r u c t u r e  w i t h in  th e  s tudy  a r e a ,  as d e s c r ib e d

by Bahr ( 1 9 6 2 ) ,  i s  th e  H olbrook a n t i c l i n e ,  a lo n g ,  s inuous f o l d ,  which i s

mappable a t  th e  s u r fa c e  f o r  a p p ro x im a te ly  97 km but i s  co n cea led  in  p la c e s
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Bahr (1962) also indicated that much of the local structure, including 

that of the Holbrook an tic lin e , has been modified by the development of 

sinks caused by solution collapse of Permian evaporites. In addition to 

the Holbrook an tic lin e , Bahr indicated the presence of a synclinal struc

tu re , the Zen iff syncline, bordering the southern portion of the Holbrook 

a n tic lin e , near Dry Lake Valley. All the an tic lin a l and synclinal struc

tures have re la t iv e ly  shallow dips ranging from 2 to approximately 18 

degrees (Akers, 1964; Bahr, 1962, Harrell and Ecker, 1939).

Faults are rare in the area, and where they do crop out, there is 

l i t t l e  displacement (H arrell and Eckers, 1939, Akers, 1964). One fa u lt of 

considerable displacement along with several smaller fau lts  is known to 

occur near the Holbrook an tic lin e . In addition, Gregory (1917) stated 

that due to the nature of its  stream course there is reason to believe  

that the Puerco River northeast of the study area is superimposed.

Harrell and Eckers (1939) and Akers (1964) estimated the age of the fau lts  

and structures to be between Late Cretaceous and early Tertiary .

Stratigraphy

The rock units within the Snowflake area consist mostly of con

solidated and unconsolidated sediments and igneous rocks, prim arily the 

extrusive type (H arrell and Eckers, 1939). Akers (1964) described the 

generalized stratigraphic section of the Snowflake area as containing 

units ranging from Holocene alluvium and the Bidahochi Formation to the 

lower Permian units o f the Supai Formation. At least seven unconformities 

are present within the stratigraphic section. Coarsely c rys ta llin e  pink
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granite crops out north of the study area, with basaltic lava and cinder 

cones scattered throughout.

Figure 10 (in  pocket) is a general geologic map of the Snowflake 

area indicating rock types and uranium deposits within the d is tr ic t .

Uranium M ineralization , Snowflake Area

L it t le  work has been done regarding the uranium deposits occurring 

within the Snowflake study area. The most comprehensive study found was 

performed by Peirce et a l . (1977). Additional descriptions of the known 

uranium deposits are given by Peirce et a l.  (1977) and Granger and Raup 

(1962).

Peirce et a l. (1977) indicated three zones of in terest in the 

Snowflake area. Each zone, or stratigraphic in te rv a l, is known to contain 

abundant carbonaceous material and anomalous uranium rad io ac tiv ity . The 

three in tervals are: (1) the upper portion of the Naco Formation, (2) the

lower to middle portion of the Supai Formation, and (3) the upper portions 

of the Supai Formation. The considerable overlap in these three intervals  

is due to the lack of a regional nomenclature scheme for the area. L i t t le  

is known about the nature of a possible uranium deposit within these 

stratigraphic in terva ls , but the anomalous rad io ac tiv ity  readings occur in 

conglomerates containing fossil plant remains, copper, and carbonaceous 

m ateria l. In addition, Peirce et a l . (1977) stated that from what is 

known at the present time, the possible uranium targets would be 

re la t iv e ly  small with the more favorable targets occupying the interval of 

strata between the upper Naco and lower Supai Formations. I t  should be
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noted that th is  target interval would be re la t iv e ly  deep, greater than 150 

meters, in the central portions o f the Snowflake study area.

Approximately 16 uranium deposits are exposed at the surface in 

the Snowflake study area; they l ie  prim arily within the P e trified  Forest 

Member of the Chinle. In addition, there are several other occurrences in 

the stratigraphic in tervals close to the base of the Chinle. The deposits 

occur in coarse-grained sandstone, mudstone, shale, and conglomeratic 

lenses associated with abundant carbonaceous trash. L it t le  production has 

been achieved, and the grade of the m ineralization appears to be low, 

ranging from 0.007 to 0.25 percent, with the most common ore grade being 

approximately 0.016% UgOg (Peirce et a l . ,  1977, Granger and Raup, (1962). 

The mineral form in which uranium most often occurs within the surface 

exposures is carnotite , u ran in ite , c o ff in ite , and other exotic forms are 

ra re ly  observed (Peirce et a l . ,  1977; Granger and Raup, 1962).



CHAPTER 5

IMAGE ENHANCEMENT

The individual image enhancements conducted during the course of 

th is  study were performed in order that more geologic information 

concerning the d istribu tion  and placement of uranium deposits within the 

two study areas in northeastern Arizona could be obtained. The imagery 

covering these test areas was acquired by the NASA Landsat s a te ll ite .

Due to the re la t iv e ly  small size of the Hopi Buttes test area and 

the large concentration of known uranium deposits occurring within th is  

d is t r ic t ,  i t  was chosen as the location for the various image enhancements 

performed during th is  study. A ll computer programs used to perform the 

required enhancements were developed by Charles E. Glass and Robert A. 

Schowengerdt of The University of AM zona. No modifications or attempts 

to redesign these programs were undertaken.

One of the f i r s t  steps taken in order to acquire the enhanced 

imagery of the Hopi Buttes test s ite  was to extract the required area from 

the appropriate Landsat computer-compatible tape (CCT). Each CCT contains 

one scene, 185 km on a side, covering approximately 34,225 km .̂ Each 

Landsat scene is composed of 2,340 individual scan lin es , each scan lin e  

consisting of 3,240 pixels. For Landsat, a pixel or picture element is an 

area o f ground represented by a d ig ita l reflectance value ranging from 0 

to 127. This area is 57 by 79 meters. The minimum ground resolution cell 

of Landsat is  a square, 79 meters on a side. The position of any pixel is

41
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determined by an X and Y coordinate system with the orig in at the upper 

left-hand corner of the Landsat image.

The f i r s t  step required in extracting the Hopi Buttes test area 

from a larger Landsat scene was to determine the X and Y coordinates of 

the northwest corner of the test area. The test s ite  was extracted by 

calculating the number of scan lines required to cross the area in the 

north-south direction and the number of pixels required to cross the area 

in an east-west d irection . Figure . 11 shows the relationship between 

pixels and scan lines for a Landsat image.

As the multi spectral scanner (MMS) system aboard Landsat senses 

the surface below, i t  records the amount of lig h t reflected in four sepa

rate spectral bands, referred to as bands 4 , 5, 6 and 7 . The resulting  

imagery is recorded within the green (band 4 , 0.5 to 0.6 yin), red (band 5,

0.6 to 0.7 ym), and infrared (band 6 , 0.7 to 0.8 ym, and band 7, 0.8  to

1.1 ym) wavelengths of the electromagnetic spectrum. The reflected energy 

within the range of bands 4 , 5 and 6 is d ig ita lly  recorded in 128 shades

of gray (0 to 127), while band 7 is recorded in 64 shades of gray (0 to

63). This range of up to 128 individual gray levels fo r Landsat CCTs can 

be extremely important in geologic work when one realizes that conven

tional film  products are only sensitive to  15 to 30 shades of gray (Hord, 

1977).

Preprocessing Procedures

Before any test area could be subjected to various image-enhancing 

techniques, the Landsat computer tapes containing the d ig itize d  Hopi 

Buttes and Snowflake scenes had to undergo an in it ia l  preprocessing step.



43

185 KM 

PIXEL NO. 3240

185 KM

Figure 11 - Relationship between pixels and scan lines for a 
Landsat image.
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During preprocessing, the d ig itized  data are placed into a format that is 

more accessible for additional processing and corrected fo r systematic 

geometrical errors. The geometrical errors can be a result of the unequal 

sampling in the X and Y d irections, nonconstant scan mirror ve loc ity , 

earth rotation skew, and d istortion along each scan line due to earth 

curvature. In addition to these geometric corrections, the images were 

also "destriped." This strip ing e ffe c t, v is ib le  in many of the commercial 

Landsat images, is due to the design of the MSS detectors. Each sweep of 

the scanner mirror re flec ts  lig h t from the earth's surface onto an array 

of six detectors fo r each of the four spectral bands. This results in the 

simultaneous production of the six scan lines shown in Figure 12. Before 

the launch of Landsat, a ll  six detectors fo r each of the four bands were 

calibrated , but with time the response of some of the detectors d rifted  to 

higher or lower d ig ita l values. This has resulted in what is called  

s ix th -lin e  banding, or strip ing . To "destripe" the image, histograms are 

determined fo r the pixel values fo r each detector. The histogram means 

and variances for each detector are then adjusted to be equal for a ll six 

detectors in each band.

A ll preprocessing was performed by Robert A. Schowengerdt of the 

Office of Arid Land Studies, The University of Arizona, using computer 

programs of his own design.

A fter the imagery is developed, a device known as the p ic to ria l 

output device (POD), available through the Optical Sciences Department at 

the University of Arizona, was used to develop conventional film  trans

parencies in e ither a negative or positive format. The diagram in Figure 

13 shows how POD functions.



SCAN LINE 
NUMBER

1 DETECTOR NO. 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12

MIRROR SWEEP 
DIRECTION

-*-N O . 1 

NO. 2

Figure 12 -  Detector array for Landsat Multi spectral Scanner
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Figure 13 - Diagram showing operation of the Pictoral Output 
Device (POD) 
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Image Enhancement, Hopi Buttes Test Area

Image enhancement for the work involved in th is  study can be 

loosely defined as the process of a lte rin g  the appearance of an image so 

that an in terpreter can obtain more information. For the purposes of 

image enhancement, each image can be considered as representing a two- 

dimensional array of lig h t in tensities  detected by the Landsat MSS system 

and determined by the array of six detectors fo r each band. Each of these 

arrays, or matrices, corresponds to the d ig ita l gray levels assigned to 

individual pixels within a chosen band of an image. Enhancement of an 

image changes th is two-dimensional matrix of pixel gray level values in 

accordance with a selected mathematical equation to a d iffe ren t two- 

dimensional array representing the new "enhanced" image.

Image enhancement techniques are divided into two major sub

divisions: point (or zero memory) operations and local (or non-zero 

memory) operations. Point operations determine each new pixel value 

without considering the neighboring values. Enhancements performed in 

th is  study that fa l l  into the class of point operations are:

1. Contrast modifications or contrast enhancement

a. Linear contrast enhancement

b. Multicycle lin ear contrast enhancement

c. Logarithmic contrast enhancement

d. Power or exponential contrast enhancement

e. Sinusoidal contrast enhancement

f . Histogram equalization contrast enhancement

2. Ratio enhancement
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Local operations involve the consideration of neighboring pixel 

values when determining the fin a l output pixel value. They have more 

power and v e rs a til ity  than point operations but require computer storage 

of a ll  pixel values during computations and therefore require more com

puter time to perform. Enhancements performed in th is study that fa l l  

into the class of local operations are high-pass and high-emphasis 

f i l te r in g .

Each of these enhancements w ill be discussed in more detail la te r .  

Numerous other local and point enhancement operations are available fo r  

image processing, but only those pertaining to th is  study w ill be discus

sed. For additional image processing techniques, the reader is referred  

to the publications by Goetz et a l . (1975) and Gonzales and Wintz (1977).

To develop an enhanced image, the s ta tis tic a l d istribu tion  of 

scene radiance values or pixel values in the original unenhanced image 

should be known. In general, th is  d is tribu tion  of gray level values is 

represented by a histogram with frequency of occurrence plotted on the 

vertica l axis and gray level values on the horizontal ax is . Histograms of 

th is  kind were generated for each Landsat band during the in i t ia l  extrac

tions of the Hopi Buttes test area from the CCT. These histograms, shown 

in Figures 14-17, represent the d istribu tion  of pixel radiance values for 

the unenhanced Hopi Buttes scene shown in Figure 18. The image shown in 

Figure 18 is a small portion of Landsat scene number 2476-17095, a con

ventional color composite, purchased from the EROS Data Center in Sioux 

F a lls , South Dakota.

From examination of the histograms of the pixel radiance values, 

two facts concerning the Hopi Buttes test area became apparent. F irs t , a
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Figure 14 -  Histogram of gray level d is tribu tion  within band 4 , 
Hopi Buttes D is tr ic t .
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Figure 15 - Histogram of gray level d is tribu tion  before 
enhancement, band 5, Hopi Buttes.
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Figure 16 - Histogram of gray level distribution within band 6, 
Hopi Buttes District.
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Figure 17 — Histogram of gray level distribution within band 7? 
Hopi Buttes District.
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Figure 18 Original unenhanced 
Hopi Buttes scene
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large portion (20%) of the pixels have radiance values of zero (black) 

causing the histograms to be skewed toward values of low surface feature  

reflectance. Glass and Slemmons (1978) pointed out that th is  condition is 

a re la tiv e ly  common phenomenon with remotely sensed Landsat imagery.

Second, the range of pixel radiance values greater than zero 

occupy only a small portion of the 128 gray scale range. This feature was 

very apparent for band 4 , which has gray levels greater than zero 

restric ted  between 26 and 54. This narrow range explains the low contrast 

and re la tiv e ly  monochromatic appearance of the original Landsat scene of 

the Hopi Buttes area (Figure 18). Both point and local operations were 

used to enhance the contrast of the Hopi Butte area imagery.

Point Operations

The f i r s t  point operation used was a lin ear contrast enhancement 

of the imagery fo r a ll four bands. From the results of th is  procedure, 

band 6 was chosen for further enhancement.

Linear Contrast Enhancement. In the lin ear stretch used for the 

linear contrast enhancement, the pixel values in an interval are expanded 

to occupy a larger in te rva l. The transformation equation used was:

Y = ((Y2 - Y1)/(X2 - X1))(X - Xi) + Y% (1)

where:

Y = output gray level 

Yj = beginning point of

X = input gray level

X-L = beginning point of orig inal

expanded interval interval

Y2 = end point of expanded X2 = end point of orig inal

in terval interval
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For values of X less than , Y is set equal to Y^; fo r values of X 

greater than Xg, Y is set equal to Yg.

For enhancement of contrast in the Hopi Buttes area imagery, the 

lin ear stretch was made using two in tervals so that values in the lower 

portion of the original range would be expanded to occupy the lower ha lf 

of the fu ll  contrast range and values in the upper portion of the orig inal 

range would be expanded to occupy the upper ha lf of the fu ll contrast 

range. These operations resulted in a twin-segment lin ear transformation 

curve. Values for Yg, Y^, X̂  and Xg used for the linear stretch 

of each band were:

Original Interval X < mean X > mean

Band Histogram Range Mean Y1 Y2 X1 X2 Y1 Y2 X1 X2

4 Fig. 14 26-52 39 0 63 26 39 63 127 40 52

5 Fig. 15 36-88 59 0 63 36 59 63 127 60 88

6 Fig. 16 36-90 60 0 63 36 60 63 127 61 90

7 Fig. 17 16-40 31 0 63 16 31 63 127 31 40

The resulting lin ear transformation curves are shown on Figures 

19-22. Unfortunately, the computer program POOTAPE used to develop the 

lin ea rly  stretched images did not generate a histogram for the d is tribu 

tion of pixel values in the enhanced image. Figures 23-26 are the 

lin ea rly  stretched images of bands 4, 5, 6 , and 7 for the Hopi Buttes 

area. The dark lin e  running through the imagery in bands 6 and 7 resulted  

when POD momentarily stopped reading data from the tapes while the drum 

holding the film  continued to ro ta te .
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BAND 4 WAS STRETCHED LINEARLY 
FROM 26 TO 39 AND 39 TO 52.
ALL GRAY LEVELS LESS THAN 26=0. 
ALL GRAY LEVELS GREATER THAN 
52=127 .

40 60 80 100 120
INPUT GRAY LEVELS

Y= [((Y g  - Y ^  t CX2 -  X ^ )  (X -  Y 1

Y = OUTPUT GRAY LEVEL X = INPUT GRAY LEVEL
Y1 = EITHER 0 OR 63 X-j =THE FIRST OR MIDDLE POINTS OF THE
Y2 = EITHER 63 OR 127 LINEAR CONTRAST STRETCH.

X2 =THE MIDDLE OR AND POINTS OF THE 
LINEAR CONTRAST STRETCH.

F ig u r e  19 -  T r a n s fo r m a t io n  c u rv e  f o r  th e  l i n e a r  c o n t r a s t  s t r e t c h
o f  band 4 ,  Hopi B u t t e s .
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BAND 5 STRETCHED LINEARLY 
BETWEEN 36 AND 59, AND 59 AND 88.
ALL GRAY LEVELS LESS THAN 3 6 = 0 .
ALL GRAY LEVELS GREATER THAN 88=127.

w 80

D 40

INPUT GRAY LEVELS

X, X-,. X2 , Y, Y v  Y2 . HAVE THE SAME VALUES AS DESCRIBED FOR BAND 4. 

Y=[(CY2 -  Y-|) f  (X2 ~ X , ) )  (X -  X i ) ] t Y i

F ig u r e  20 -  T ra n s fo rm a t io n  c u rv e  f o r  th e  l i n e a r  c o n t r a s t  s t r e t c h
o f  band 5 ,  Hopi B u t t e s .
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BETWEEN 36 AND 60. AND 60 AND 90.
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Y = [((Y2 -  Y V  t  (X2 -X V )  (X -  X -,)]+Y i

Y = OUTPUT GRAY LEVEL
Y i = EITHER 0 OR 63  
Y2=E!THER 63 OR 127

X = INPUT GRAY LEVEL
X I =THE FIRST OR MIDDLE POINTS OF THE

LINEARLY CONTRAST STRETCH.
X2 =THE MIDDLE OR END POINTS OF THE 

LINEAR CONTRAST STRETCH.

F ig u r e  21 -  T ra n s fo rm a t io n  c u rv e  f o r  th e  l i n e a r  c o n t r a s t  s t r e t c h
o f  band 6 ,  Hopi B u t t e s .



BAND 7 WAS STRETCHED LINEARLY 
BETWEEN 18 AND 31. AND 31 AND 40.
ALL GRAY LEVELS LESS THAN 16=0.
ALL GRAY LEVELS GREATER THAN 4 0 = 1 2 7 .

0 60 80 
INPUT GRAY LEVELS

X, X^. X2 . Y. Y i , Y2 , HAVE THE SAME VALUES AS DESCRIBED FOR BAND 6. 

Y=|j[(Y2 -  Y ,)  4 (X 2 -  X , ) )  (X - X i ) ]+ Y ,

F ig u r e  22 -  T ra n s fo rm a t io n  cu rve  f o r  th e  l i n e a r  c o n t r a s t  s t r e t c h
o f  band 7 ,  Hopi B u t te s .



60

Figure 23 Linear stretch ,
band 4, Hopi Buttes



Figure 24 Linear stretch,
band 5, Hopi Buttes
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Figure 25 Linear stretch,
band 6, Hopi Buttes.
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Figure 26 Linear stretch,
band 7, Hopi Buttes.
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Although the enhanced imagery in bands 4 and 7 did not show a 

substantial amount of improvement over the original images, an increase in 

image contrast was observed in the imagery of bands 5 and 6. Band 6 was 

chosen as the band showing the most tonal contrast and therefore the band 

for additional enhancement experimentation.

The f i r s t  additional enhancement techniques applied to band 6 were 

a multicycle linear stretch, logarithmic and sinusoidal contrast 

stretches, and a histogram equalization m odification. Images produced by 

these techniques are presented on Figures 27-30. Selective enhancements 

of the images for the sinusoidal contrast stretch and the histogram 

equalization modification were also done.

Multicycle Linear Stretch of Band 6 . In a multicycle linear  

stretch the pixel values of an image are divided into several intervals  

and each interval is lin early  stretched to f i l l  the fu ll  range of the gray 

scale. For each stretch , = 0 and Yg = 127 and Eq. (1) may be 

rewritten as

Y= AX - B

where

A = 127/(X2 -  Xx)

B -  AX j

Figure 31 represents a multicycle lin ear stretch in which the unprocessed 

data were divided into four equal in tervals and each in terval was expanded 

to the fu ll 128-level gray scale range.



Figure 27 
stretch, Multicycle linear 

band 6, Hopi Buttes.
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Figure 28 Logarithmic stretch,
band 6, Hopi Buttes.



Figure 29 Sinusoidal stretch, 
band 6, Hopi Buttes.
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Figure 30 Histogram equalization,
band 6- Hopi Buttes.



O
U

TP
U

T 
G

R
A

Y 
LE

VE
LS

69

CYCLE 1 CYCLE 2 CYCLE 3 CYCLE 4

INPUT GRAY LEVELS

Figure 31 - Four-interval m ulticycle linear stretch.
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For the multicycle linear stretch of band 6 , the unprocessed data 

shown on tne histogram in Figure 16 were divided into three unequal 

in tervals; the values in the f i r s t  cycle ranged between 40 and 58, the 

second from 59 to  70, and the th ird  between 71 and 90. The transformation 

curves for each cycle are shown in Figure 32, the histogram of the gray 

level d istribu tion  in Figure 33, and the image that was developed in 

Figure 27.

The use of a multicycle contrast stretch often results in 

development of a s ign ifican t amount of a r t ifa c t  or "noise." This was 

apparent in the multicycle stretch of band 6 for the Hopi Buttes area.

Due to th is  almost random d istribu tion  of noise throughout the image, a 

multicycle contrast stretch was regarded as useless for in terpreta tion .

Logarithmic Contrast Stretch of Band 6 . The second contrast 

modification technique applied to band 6 of the Hopi Buttes tes t area was 

a logarithmic stretch. The equation defining th is  type of transformation 

i s:

Y = A(log X) - B

where

A = (Yg - Y^)/(log Xg - log )

B — (A 1 og X^)

I f  a logarithmic stretch is performed on an image with gray levels  

from 1 to 127, an "idealized" transformation curve sim ilar to that shown 

in Figure 34 would resu lt. As observed from th is  curve, the darker input 

gray levels , 0 to 40, are boosted sharply to lig h te r shades of gray during
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B = A(X1)
X i=  40 
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Y = OUTPUT GRAY LEVEL 
RANGE OF INPUT GRAY 
LEVELS, X, FOR CYCLE 
1 = 40 THROUGH 58

Y = A (X) -  8 

CYCLE 2

A = 127.0/(X  n -  X^)
B = A (X i)
Xi = 59 
Xn -  70
Y = OUTPUT GRAY LEVEL 
RANGE OF INPUT GRAY 
LEVELS, X. FOR CYCLE 
2 = 59 THROUGH 70

CYCLE 3

A =127.0 /(Xn -  X-,)
B =A (X 1)
X i =71 
Xn - 9 0
Y =OUTPUT GRAY LEVEL
RANGE OF INPUT GRAY 
LEVELS. X, FOR CYCLE 
3 = 71 THROUGH 90

F ig u r e  32 -  M u l t i c y c l e  l i n e a r  s t r e t c h  o f  band 6 ,  Hopi B u t te s
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Figure 33 - Histogram of the gray level d is tribu tion  within  
band 6, Hopi Buttes, a fter a m ulticycle lin ear- 
stretch.
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Figure 34 - Idealized transformation curve for a logarithmic 
contrast stretch.
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the logarithmic stretch whereas the lig h te r input gray values, 80 to 127, 

are not changed as much. I f  the original image is characterized by dark 

tones, th is type of stretch would improve the overall contrast.

For band 6 fo r the Hopi Buttes area, the lower and upper lim its  

fo r the input gray levels (X) in the logarithmic stretch were 41 and 90, 

respectively. These lim its  were again chosen from the original image 

histogram (F ig . 16 ). The resulting histogram d istribution  and transfor

mation curve are shown in Figure 35. Because the starting input value was 

41 instead of 0, the transformation curve was shifted to the r ig h t, 

resulting in darker values being assigned to the f i r s t  few input gray 

levels , exactly the opposite of that aescribed under the ideal conditions. 

When the input values reached 65 or greater, a boost to lig h te r gray 

levels was experienced, a condition that was expected. Because the 

original image had an abundance of gray level values greater than 65, the 

histogram of the logarithmic stretch was skewed toward the right to values 

representing lig h te r gray levels (F ig . 35). The image produced by th is  

enhancement is shown in Figure 28.

I t  was hoped that the darker tones in the orig inal unenhanced 

image (F ig . 18) indicating the basalt flows would be stretched to lig h te r  

tones enhancing additional structure. However, because lig h t tones were 

more abundant in the orig inal image, l i t t l e  contrast improvement was 

obtained in the desired areas and the image offered no real improvement 

over the image produced by the in i t ia l  lin ear stretch (F ig . 25).
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Figure 35 - Transformation curve and gray level d is tribu tion  for 
the logarithmic stretch of band 6, Hopi Buttes.
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Sinusoidal Contrast Stretch of Band 6 . The th ird  contrast 

modification technique applied to band 6 was a sinusoidal stretch. A 

typical algorithm defining a sinusoidal stretch is given as:

Y = amp (1 .0  + sin (wX + 0 ))

where

amp = amplitude of sine wave 

w = frequency 

0 = phase s h ift

I f  a sinusoidal stretch is performed on an image with lower and upper gray 

level lim its  of 1 and 127, respectively, an idealized transformation curve 

such as the one shown in Figure 36 would re s u lt. An interesting feature 

observed from such a transformation is that values representing high 

surface reflectance are replaced by values representing low reflectance.

A sinusoidal stretch would therefore be useful in adding more contrast, as 

is darker tonal values, to the otherwise bright or "washedout" original 

image.

For the Hopi Buttes band 6 , the lower and upper lim its  for the 

sinusoidal stretch were set equal to 40 and 90, respectively, amplitude to 

63 .5 , frequency to 0.02513 radians/gray le v e l, and phase sh ift to ir/2 

radians. The lower and upper lim its  were obtained from the original band 

6 histogram (Fig. 16 ). The transformation curve and gray level d is tribu 

tion histogram obtained from the logarithmic stretch are shown in Figure 

37, and the image achieved with the sinusoidal stretch is shown in Figure 

29. This image shows improved contrast in areas that were o rig in a lly  

washed out and is considered helpful in locating additional geologic 

structure not recognized in the original image (F ig . 18).
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Histogram Equalization Modification of Band 6 . The fourth con

tra s t modification technique applied to band 6 of the Hopi Buttes area was 

a histogram equalization stretch. The image produced from th is type of 

stretch depends d irec tly  on the gray level d is tribu tion  within the 

original scene. The enhanced image output is determined or stretched in 

accordance to the pixel values that occur most often within the orig inal 

image. I f  an image is characterized by an abundance of pixels represent

ing lig h t tones such as in the Hopi Buttes area, th is  type of modification  

w ill stretch these lig h t values toward values representing darker tones. 

Glass and Slemmons (1978), Gonzales and Wintz (1977), and Goetz et a l .  

(1975) give detailed descriptions of the function and operation of the 

technique. The histogram shown in Figure 38 is the d is tribu tion  of gray 

level values within the Hopi Buttes scene a fte r  the histogram equalization  

m odification. The image in Figure 30 is the result of th is  m odification. 

Comparison of Figures 30 and 18 shows considerable improvement in tonal 

contrast, and the image is considered to be extremely valuable fo r geo

logic in terpreta tion .

Selective Enhancement of Band 6 . A fter development of the m ulti

cycle, logarithmic, sinusoidal, and histogram equalization enhancements 

for band 6, a series of selective stretching techniques were applied to 

the images derived by sinusoidal and histogram equalization m odifications. 

The choice of these images for selective contrast enhancement was based on 

the considerable improvements in image in terpretation  that had already 

been achieved. I t  was hoped that the contrast of the very bright or very 

dark regions w ithin these previously modified images could be improved.
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The selective stretching routines consisted of power stretches 

using the general equation:

Y = AXn - B

where

A = (Yg - Y^)/(Xg0 - Xi")

B = A ( X i " )  

n = a constant. '

Figure 39 shows general transformation curves fo r power stretch routines 

when n is set equal to 0 .3 , 1 .0 , and 4 .0 , and the lower and upper gray 

level values for the modifications are set equal to 0 and 127, 

respectively.

For the power stretch operations performed on the Hopi Buttes 

imagery, the lower and upper gray level lim its  of the interval to be 

stretched (X  ̂ and Xg) were chosen to achieve the stretch within only 

lig h t or dark areas of the images. These lim its  were obtained by observ

ing the gray level d istributions achieved by the previous enhancements and 

are discussed with each case. Again, fo r values of X less than X^, Y 

was set equal to zero, and for values of X greater than Xg, Y was set 

equal to 127.

1. Selective power stretch of a sinusoidal routine: Two power

stretch routines (n = 1; n = 0 .3 ) were applied to the sinusoidally  

stretched image of the Hopi Buttes scene (F ig. 29) to attempt to add 

additional contrast to the dark gray regions. I t  was observed from the 

histogram of the sinusoidal stretch (F ig . 37) that most of the values 

representing features of low surface reflectance, dark gray tones, were
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grouped between 22 and 60. To lighten these areas, a ll gray values within  

th is  interval were selectively stretched to occupy the fu ll  gray scale 

range. The resulting transformation curves and histograms are shown on 

Figures 40 and 41; Figures 42 and 43 are the se lective ly  enhanced images.

Although there were only 26 shades of gray (see histogram Fig. 40) 

used to produce the 1inearly stretched image (F ig . 42 ), the eastern ha lf 

of the area did show some improvement in tonal contrast. As observed on 

the histogram derived by the power stretch , n = 0.3 (F ig . 41 ), few 

individual shades of gray were generated and,the resulting image (F ig . 43) 

did not o ffe r any contrast within the desired areas.

2. Selective power stretch of a histogram equalization m odification: 

By power stretching the image previously modified by the histogram equali

zation m odification, i t  was hoped that the regions represented by very 

bright tones could be stretched toward darker values. To selectively  

enhance only these bright regions, gray values between 90 and 127 were 

chosen fo r the stretch. The resulting transformation curves and histogram 

distributions are shown in Figures 44 and 45. The resulting images are 

shown on Figures 46 and 47.

Because the histogram from the linear stretch (n = 1) contained 

only 17 shades of gray and was strongly skewed toward values of zero, the 

overall contrast achieved-was very poor. Due to th is  lack of additional 

contrast. Figure 46 was not considered useful fo r geologic in terp re ta tio n .

For the second power stretch, n was set equal to 4. As with the 

selective lin ear enhancement, too few shades of gray were created by th is  

power stretch , but i t  was s lig h tly  more successful in generating addi

tional gray values representing dark tones. This becomes apparent when
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Figure 42 Linear stretch of a sinusoidal
stretch (n=l), band 6, Hopi Buttes.
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Figure 43 
stretch

Power stretch of a sinusoidal
(n = 0 .3), band 6, Hopi Buttes.
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Figure 46 Linear stretch of a histogram equalization
stretch (n=l), band 6, Hopi Buttes.
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Figure 47 Power stretch of a histogram 
equalization (n=4), band 6, Hopi Buttes
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one compares the two histograms (Figs. 44 and 4 5 ). The image resulting  

from these two power stretches are v ir tu a lly  identical (compare Figs. 46 

and 47 ), and neither is considered useful fo r geological in terpre ta tion .

I t  is suggested that i f  the lower lim it of the interval to be expanded had 

been 60 rather than 90, some improvement in image contrast might have been 

achieved.

Ratio Enhancement. Various ra tio  enhancement techniques may be 

used to construct color composite imagery from an unenhanced image such as 

Figure 18 for the Hopi Buttes scene. For each ra tio  negative the value of 

a pixel is computed as the ra tio  between the value of a pixel in one of 

the bands and the value of the same pixel in another band, fo r example, 

bands 4 /7 , 6 /4 , and 7 /4 . Ratio differences, such as bands (4 -7 )/(4 + 7 ), 

(6 -4 )/(6 + 4 ), and (7 -4 )/(7+4) may also be used.

To construct the color composite, a sheet of photographic film  is  

exposed to two or more ra tio  negatives, using the appropriate time and a 

d iffe ren t color of lig h t fo r each negative. Exact reg is tration  is 

obtained by using keyhole techniques. Exposure time for each color was 

determined by t r ia l  and error un til a suitable fin a l product was 

achieved.

A more complete discussion of the use of color composite images in 

uranium exploration is given in Chapter 7, which also includes the results  

of the use of color composite imagery for the two test areas.
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Local Operations

In addition to the point, contrast modification enhancements, two 

local operations were applied to the Hopi Buttes tes t area images. The 

two techniques applied were high-pass and high-emphasis f i l te r in g .  The 

primary purpose fo r using these two operations was to enhance lin ear  

geologic features such as fa u lts . In general, such geologic information 

within an image resides in reflectance variations, and these spatial 

variations in turn constitute the high-frequency components of the image.

High-pass F ilte r in g . By use of a high-pass f i l t e r ,  the 

low-frequency signals are eliminated in favor of the high-frequency 

signals and the image produced w ill show a loss of asthetic qu a lities  due 

to the elim ination of the low-frequency components. A simple 3-point 

high-pass f i l t e r  was applied to the Hopi Buttes images:

Yj = -1/3 [KU1) + Z/3(Xi) - 1/3 (Xi+1)

The value is the value of the f i l te re d  pixel at some position 

i ,  and the X values are the orig inal scene pixel values at positions i - 

1, i ,  and i + 1 within the orig inal image. The values -1 /3  and 2/3  

are the f i l t e r  weights, which were based upon the number of pixels  

considered when f i l te r in g  each image point. Glass and Slemmons (1978) 

give detailed accounts of the mechanics behind f i l t e r  operations. The 

image obtained from high-pass f i l te r in g  of the Hopi Buttes area is shown 

in Figure 48. As observed from th is  image, much of the aesthetic  

q u a lities  have been removed. Because so much of the tonal contrast was 

removed, th is  image was not considered helpful in identify ing  additional 

geologic structure.



Figure 48 High-pass filter, 
band 6, Hopi Buttes.
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High-emphasis F ilte r in g . High-emphasis f i l te r in g  is very sim ilar 

to a high-pass f i l te r in g ,  but the low frequencies are not removed but 

passed on essentia lly  unchanged. Again, the high frequencies are boosted 

or enhanced. In high-emphasis f i l t e r in g ,  a l l  the high-pass weights are 

m ultip lied by a constant, and 1 is added to the central term. For the 

Hopi Buttes area, the constant was set equal to a value of 20. The 

high-emphasis algorithm became:

Yi = - 10/3 (X i+ 1)+ ( l+ 20/3 (X i ) ) - 10/3 (X i+ 1 )

The mechanics are exactly the same as described fo r high-pass f i l te r in g .

The image that results from high-emphasis f i l te r in g  w ill contain 

many of the aesthetic qu a lities  of the orig inal scene while linear  

features w ill be enhanced. Figure 49 is the image produced by high- 

emphasis f i l te r in g  of the orig inal Hopi Buttes scene. This image shows 

many of the geologic reference points, the basalt flows, within the area 

and enhances several linear trends such as those in the lower right-hand 

corner of the scene. Because of these q u a lit ie s , the high-emphasis image 

was considered useful for in terpre ta tion .
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Figure 49 High-emphasis filter,
band 6, Hopi Buttes.



CHAPTER 6

LINEAMENT ANALYSIS

Lineaments are thought to represent structural elements of funda

mental tectonic significance. Their extent and ro le  are topics of consid

erable debate. The theory behind lineament analysis is the concept that 

areas of higher fracture concentrations, represented by high concentra

tions of lineaments, are mere favorable for m ineralizing solutions. 

Levandowski et a l. (1974) used th is  concept and technique successfully in 

a base-metal exploration program in central Nevada.

There are several methods of analyzing lineament data used today. 

The two most common approaches are construction of azimuth d istribution  

diagrams, or histograms, and construction of density contour maps.

Density contour maps have been used by several investigators, including 

Blanchet (1957), Johnson (1974), and Levandowski et a l . (1974). Blanchet 

and Levandowski et a l . who have both successfully used lineament density 

contour maps in exploration programs, emphasized th e ir importance. I t  

should be pointed out that many density contour maps can be the function 

of image scale; however, Johnson (1974) indicated that such maps or plots 

can be extremely useful to the explorationist in the selection of target 

areas. Both techniques were employed in th is study.

97
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/ Mapping Procedure

Mapping lineaments and linear features from high-altitude 

imagery is largely a subjective process that varies from individual 

to individual. In addition, lineaments range in character from 

obvious to subtle and from rectilinear to curvilinear, and they can 

represent a single structure or a series of geomorphic features. The 

absence of all but a few man-made features in the Hopi Buttes area 

and the altitude of the imagery helped to reduce possible inter

pretation errors due to small-scale features related to rock folia

tions, lithology, trails, and roads.

To avoid as much human error as possible during image 

interpretation, a standard viewing procedure was established based 

on the guidelines set up by Lattman (1959) and Trainer (1967). The 

standardized procedures used for this study were:

1. To avoid fatigue, study of the imagery was limited to no 

longer than two continuous hours, one study session per day. Latt

man discovered that objectiveness decreases severely after approxi

mately two hours.

2. Each image analyzed for lineaments was studied for equal 

amounts of time. Trainer (1967) stated that the number of linear 

features mapped per hour decreases with time of study. This was 

verified during the present study.

3. The images that were interpreted for lineaments were viewed 

separately, interpretation of each image being completed before 

interpretation was started on another image. This avoided looking 

for lineaments in specific areas of each image.
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4. Each image was carefu lly  studied at least several times. A fter a 

rest of a few days, the viewer has a fresh approach to the image.

5. A ll lineament mapping was completed before existing uranium 

deposits were located and plotted to avoid the p o ss ib ility  of looking fo r  

lineaments near deposits in order to force a corre la tion .

Several characteristics were used to id en tify  lineaments by th e ir  

visual expressions on Landsat imagery:

1. Abrupt, sharp, angular breaks in drainage systems.

2. Alignment of several topographic features.

3. Abrupt or subtle tonal changes in surface radiance.

4. Straight or curved breaks in otherwise unbroken topography.

5. S traight, persistent c l i f f s  or escarpments.

6 . Abrupt termination of drainage systems.

7. Long, s tra igh t, or curved stream segments.

Four enhanced images of band 6 were chosen for th e ir  good tonal 

contrast characterists to construct the lineament map of the Hopi Buttes 

area: sinusoidal stretch (F ig . 29 ), histogram equalization (F ig. 30 ), 

high-emphasis f i l t e r  (F ig . 49 ), and ra tio  enhancement of bands 4 /7 .

To develop the contour density maps for the Hopi Buttes area, the 

lineament map (F ig . 50) was divided into 5 by 5 km grid c e lls , 64 ce lls  

for the to ta l area. The choice of tn is grid size was based on the work by 

Levandowski et a l .  (1974). The orig in fo r the grid system was the lower 

southwest corner of the mapped area.

Three lineament density contour maps were made fo r the Hopi Buttes 

area. For the f i r s t ,  Figure 51, the lengths of a ll  lineaments within a 

grid square were measured in kilometers and the sum plotted at the center
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of the cell. The total density values were then contoured. After 

the density contours were drawn, the locations of all uranium de

posits known to occur within the test area were acquired and plotted 

on the contour map.

A second density contour map (Fig. 52) was based on the 

number of lineament intersections occurring within each grid cell.

This number was plotted at the center of each cell and the density 

values contoured. Locations of known uranium deposits were also 

plotted on the map

The third contour map (Fig. 53) was made for densities of 

north-westerly trending lineaments. All lineaments trending N. 20o-80°

W. were replotted on a second map, and the sum of their lengths within 

each cell plotted at the center of the cell. Again, the density values 

were contoured and the locations of the known uranium deposits plotted.

Relationship between Lineament Densities and 
Uranium Mineralization, Hopi Buttes Area

Although a direct relationship between uranium minerali

zation and lineament density anomalies was not observed, a spatial 

correspondence was present. It is thought that these lineament density 

anomalies represent fractures and increased permeability in crustal 

sedimentary rocks, providing an access for the diatrernes that are the 

hosts for uranium mineralization. If this is the case, the special 

correspondence between lineament densitites and uranium can be explained. 

Because actual zones of mineral deposition are controlled by the local 

physical and chemical environments, a direct relationship would not be 
expected.
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Tb obtain an estimate of the spatial relationship between 

lineament densities and uranium mineralization, the areas encompassed 

by each contour interval in each density map were calculated. These 

areas were then compared with the total area of the Hopi Buttes test 

Icoation and the number of deposits occurring within each interval.

Tables 6, 7, and 8 list by density map the contour intervals, areas 

encompassed by each contour interval, and the number of uranium de

posits within each inteval. As shown by these tables, the north

westerly trending lineaments appear to have played a significant role 

in the location of the mineralized diatrernes. A contour interval of 

4 or more kilometers of lineaments per 25-square-kilcmeters encompassed 

only 25 percent of the total area in the Hopi Buttes test area but 

included 83 percent of the known uranium deposits.

Relationship Between Lineament Trends and 
Uranium Mineralization, Hopi Buttes Area

To analyze the relationship between lineament trends and 

mineralization, north and northwesterly striking lineaments were in

dividually evaluated against uranium deposits. To trend in a northerly 

direction, only linements striking between N. 10° and N. 10° E. were 

considered. For northwesterly trending lineaments, only linear 

features striking between N. 10° W. and N. 80° W. were considered 

(Figures 54 and 55).

No obvious special or direct correlation was found to exist 

between the northerly trending lineaments and the uranium deposits. How

ever, both a direct and a special relationship was found to exist be

tween northwesterly trending lineaments and uranium deposits. Tertiary
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Table 6 . Lineament density contour data

Contour
In terval

Area
kirn

% Total 
Area

(1600 knr)

Uranium Deposits 

% Total
Number (18)

10 780 48.5% 11 73%

12 528 32.9% 10 56%

14 233 14.5% 3 17%

16 83 5.3% 1 9%

Table 7. Lineament intersection density contour data

% Total
Uranium Deposits

Contour Area
Interval knr

Area
(1600 km2) Number

% Total 
(18)

6 373 23% 11 61%

7 a 0 00%

8 119 7% 3 17%

9 a 0 00%

10 18 1% 1 6%

12 a 0 6%

14 a 0 0%

a = number ins ign ifican t
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Table 8 . Northwesterly lineament density contour data

% Total
Contour Area Area

Interval kirr (1600 km2)

Uranium Deposits

% Total
Number (18)

4 404

a*inCM 15 83%

6 91 6% 4 22%

8 23 1% 1 6%

10 a 0

a = number ins ign ifican t
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5 MILESo URANIUM DEPOSIT
SCALE

Figure 54 - Plot of northerly trending lineaments, Kopi Buttes area.



O URANIUM DEPOSIT 0 5 MILES
SCALE '

TERTIARY BASALT ' TERTIARY DIKES, PLUGS, AND SILLS

Figure 55 - Plot of northwesterly trending lineaments,
Hopi Buttes area.
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observed to l ie  d irec tly  on or within one mile of a northwesterly trending 

lineament. In addition, the Tertiary  basalts and structures were observed 

to l ie  along these lineaments or were elongated and distributed roughly 

paralle l to the s trike  of the lineament (Figure 55). This is s ign ifican t 

when one reca lls  that a ll uranium m ineralization occurred in basaltic  

diatrernes or their re la ted  structures.

The lineaments strik ing  between N. 40° W. and N. 60° W. appear to 

be the most important with respect to uranium deposition and Tertiary  

structures because most of these features l ie  on or along these trends.



CHAPTER 7

CORRELATION OF COLOR COMPOSITE IMAGERY 
AND URANIUM MINERALIZATION

I f  surface materials over a mineralized zone contain a lteration  

products (iron oxides, clays, e tc .) that are indicative of a specific type 

of deposit, the application of d ig ita l computer techniques to Landsat data 

can be very successful in identify ing such deposits. The a lte ra tio n  

products tend to change the spectral reflectance of the overlying 

m aterials, making them susceptible to id en tifica tio n  on Landsat imagery. 

Rowan et a l . (1974) and Goetz et a l . (1975) have successfully applied 

these techniques to Landsat data to id en tify  a lte ra tio n  halos and 

mineralized areas.

Color composite techniques o ffer an e ffec tive  means of combining 

black-and-white negatives of ratio-enhanced images fo r the id en tifica tio n  

of rock types and a lte ra tio n  e ffec ts . Although two spectrally d iffe ren t 

areas may show l i t t l e ,  i f  any, difference on conventional black-and-white 

images, a composite of two or more images displayed in colors can provide 

a means of id en tifica tio n  on the basis of color. Id en tifica tio n  is  

increased because the information is obtained from several images and the 

human eye is two orders of magnitude more sensitive to hue values than to 

gray values.

I l l
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Hopi Buttes Area

Procedure

Selection of ratios and colors for the color composite imagery 

was based on the work of Spirakis and Condit (c ited  by Sabins, 1978, 

p. 294), who used computer-derived ra tio  enhancements and color compo

s ite  imagery to detect surface a lte ra tio n  due to uranium m ineralization. 

The ratios and colors used to produce the three color composites for the 

Hopi Butte area were:

1. Fig. 56: ra tio s ; bands 4 /7 , projected in blue; bands 6 /4 , pro

jected in green; and bands 7 /4 , projected in red.

2. Fig. 57: difference ratios; bands (4 -7 ) /(4 + 7 ) , projected in blue; 

bands (6 -4 ) /(6 + 4 ), projected in green; and bands (7 -4 )/(7 + 4 ), projected 

in red.

3. Fig. 58: ra tio  values modified by histogram equalization; 

bands 4 /7 , projected in blue; bands 6 /4 , projected in green; and 

bands 7 /4 , projected in red.

The selected exposure times were 4.5 seconds for blue lig h t, 6 seconds for 

green, and 23 seconds for red. Time fo r each color was held constant 

regardless of the ra tio  negatives used to construct the color composite 

because cost and time dictated th is condition.

A fter the individual color composites were constructed, the 

locations of a ll  known uranium deposits in the Hopi Buttes area were 

plotted on a transparent overlay (F ig . 59, in pocket) at the same scale as 

the imagery (approximately 1:422,000). This overlay permitted comparison 

of color, color in ten s ity , and location of uranium deposits.
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Figure 56 Color composite of
bands 4/7 (blue), 6/4 (green),

Hopi Buttes 
7/4 (red). area:
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Figure 57 Color composite of Hopi Buttes area,
difference ratios: bands (4-7)/(4+7) (blue),
(6-4)/(6+4) (green), and (7 -4 )/(7 + 4 ) (red).



Figure 58 Color composite of Hopi Buttes 
histogram equalization of ratios: bands
4/7 (blue), 6/4 (green), and 7/4 (red).

area.
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Analysis

Areas distinguished by a lig h t to deep purple on the ra tio  color 

composite (F ig . 56) are characteristic  of the Tertiary  basalt flows, 

diatremes, dikes, and s i l ls ,  which are host rocks for the uranium 1

m ineralization. A ll other rock types, exclusively sedimentary, were 

characterized by yellow in the image.

L i t t le  was gained in the recognition of mineralized diatremes and 

structure over conventional black-and-white contrast stretched images, but 

i t  was observed that six of the seven uranium deposits located in the 

upper northwest corner of the image l ie  in the darker purple zones 

bordering the edges of mesas and plateaus. The Morals claim, the most 

productive deposit in the Hopi Buttes area, was among these six deposits. 

The to ta l area characterized by purple represents 39 percent (approxi

mately 622 km )̂ of the to ta l area, and 83 percent (15 of 18) of the 

known uranium deposits l ie  within th is  purple area.

Considerably more success was achieved with the difference ra tio  

composite (F ig . 57 ). Areas distinguished by blue were associated with the 

Tertiary  basaltic  structures. Moreover, the blue was restric ted  to the 

smaller exposures of basalt and thus corresponded very well to the occur

rences of uranium m ineralization. Furthermore, zones of more intense blue 

were closely related to uranium m ineralization; a l l  but two of the known 

deposits are within 2 km of a zone of intense blue. Lastly , the to ta l 

area characterized by blue represents only 14 percent (260 km )̂ of the 

to ta l area but contains 72 percent of the known uranium deposits.
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I t  is theorized that the more favorable basaltic  diatremes have 

spectral differences resulting from litho logy , geomorphology, and uranium 

a lte ra tio n  that distinguish them from the unproductive diatremes. These 

spectral differences permit th e ir  discrimination on Landsat imagery.

The color composite constructed by using ratios values modified by 

the histogram equalization technique (F ig . 58) contributed l i t t l e  addi

tional information for delineation of uranium m ineralization. No color 

was found to be restric ted  to the Tertiary  basalts and diatremes. In 

addition, color resolution was poor due to the overall poor tonal contrast 

achieved in the original enhancements.

Snowflake Area

The ra tio  enhancements performed on the Snowflake area Landsat 

imagery were made to evaluate the a b il ity  of th is technique to detect the 

sandstone uranium deposits near the c ities  of Holbrook and S t. Johns, 

Arizona.

Procedure

Based on the success achieved with the difference ra tio  color 

composite imagery of the Hopi Buttes area, difference ratios of the same 

bands projected in the same colors were used to develop the color 

composite of the Snowflake area (F ig . 60 ). The only change in procedure 

was the use of d iffe ren t exposure times for the colors. The times used in 

constructing Figure 60 were 3 seconds fo r blue l ig h t , 8.5 seconds fo r  

green, and 28.5 seconds for red. These changes in exposure times resulted  

in a more favorable separation of color hues in the fin a l color composite.
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Figure 60 Color composite of Snowflake area,
difference ratios: bands (4-7)/(4+7) (blue),
(6-4)/(6+4) (green), and (7-4)/(7+4) (red).
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Figure 61 (in  pocket) is the transparent overlay for Figure 60 that shows 

the location of uranium deposits in the Snowflake area.

Analysi s

The areas distinguished by blue in the Snowflake composite image 

were found to correspond to both the Chinle and Moenkopi Formations and 

the Holocene deposits of alluvium. Therefore, a good special correlation  

between blue areas on the image and mineralized outcrops was not achieved, 

although the Chinle and Moenkopi are favorable units for uranium deposi

t io n . The in a b ility  of the color composite imagery to detect any spectral 

characteristics that would distinguish between the alluvium and outcrops 

of the two formations resulted in rejection of th is  enhancement technique 

using these color combinations as an exploration tool for th is area. 

Nevertheless, the blue areas, which encompass approximately 25 percent of 

the Snowflake area, do contain 68 percent of the known uranium deposits.

A favorable characteristic  indicative of a possible exploration 

target within the Snowflake area was discovered during the plotting of the 

known uranium deposits. I t  was found that the deposits l ie  in a narrow 

b e lt approximately 13 km wide, which trends N. 55° W. across the area. In 

addition , the fa r  southeast end of th is  b e lt stops ju st short of an area 

distinguished by blue on the color composite image; th is  area contains 

outcrops of the Chinle Formation. The p o ss ib ility  exists that the belt of 

uranium deposits could extend in a southeasterly direction into th is area 

where favorable uranium depositional environments e x is t. Extension of 

mineral belts and o il fie ld s  based on observations of linear trends is a 

common and often successful exploration technique.



CHAPTER 8

SUMMARY

The analysis of lineaments v is ib le  on d ig ita l imagery obtained 

from earth orbiting platforms and the use of such imagery in the spectral 

id en tifica tio n  of geologic color anomalies o ffer an independent source of 

data that can provide information on the selection and delineation of 

exploration targets . These studies should be considered in any regional 

exploration program. In addition, the value of computer enhancement 

techniques to lineaments and to detect mineral a lte ra tio n  halos cannot be 

stressed enough. A ll too often, regional exploration programs using 

Landsat data are undertaken without the benefit of such techniques.

Hopi Buttes Area

A correlation of a ll three density contour maps of the Hopi Buttes 

area resulted in the delineation of four target areas. Correlation was 

achieved by placing the density contour maps over a lig h t table and 

outlin ing areas of maximum contour overlap and density. The resulting  

target areas are shown in Figure 62, and a breakdown of th e ir  size and 

percentage of the known uranium deposits is shown on Table 9.

When these target areas were compared with the color composite 

images (F igs. 56 -58), Targets 1 and 2 were modified to encompass the areas 

outlined by dashes (Figure 62 ). These two target areas then accounted for 

5 and 2 percent of the to ta l area while containing 39 and 17 percent, 

respectively, of the known uranium deposits.
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CONTOUR DENSITIES. CONTOUR DENSITIES AND

COLOR COMPOSITE 
IMAGERY.

Figure 62 - Locations and outlines of proposed target areas 
within the Kopi Buttes area.
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Table 9. Target area data, Ho pi Buttes Area

Contour Are:
In terval km'

% Total 
A~ea

(1600 km2)

Uranium Deposits

% Total
Number (18)

#1 117 7% 7 39%

#2 23 1% 1 11%

#3 18 1% — ---------—

*4 23 1% 1 11%
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Considerable weight was placed upon the color composite imagery i„  

the fin a l delineation of target areas due to the favorable results 

obtained during the analysis of th is product. The large degree of area 

reduction and high percentage of the known uranium deposits acquired from 

the selection of Target a l a ttes t to the value of Landsat as an 

exploration tool for regional programs.

Although not an objective of th is study, an area that may warrant 

further examination was located and is represented by target area a3 on 

Figure 62. A nigh concentration of density contours, favorable outcrop, 

and blue coloration were observed on the maps and imagery of th is a re a .’ 

ho uranium mineralization is known to occur in this area at the time of 

th is  study.

Snowflake Area

At th is time, the use of Landsat imagery as a direct aid in the 

delineation of target areas in the Snowflake area cannot be recommended. 

However, the scale of the imagery did show the possible existence of a 

uranium be lt in the area based upon the plot of known uranium deposits. 

From th is , the selection of a target area (F ig. 63) was possible. An 

evaluation as to the possible productiveness of th is  area cannot be made 

from the data available at the time of th is study.



124

SCALE

■ , 2,5__________________ 5°
( M I L E S )

TREND OF URANI UM M I N E R A L I Z A T I O N  

O U T L I N E  OF PROPOSED TARGET AREA

Fimire 63 - Location and outline of the proposed target area 
M9U and uranium m ineralization b e lt. Snowflake area.
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Costs

A b rie f summary of the costs involved in the use of Landsat 

imagery i n the Hopi Buttes are given below in Table 10.

Table 10. Summary of costs. Hopi Buttes area

Item Unit Cost lotal Cost

Landsat CCT containing required scene $200.00 • $200.00

Computer Processing3

Preprocessing
Extraction of required scene
Enhancement6
Pod Tape Processing0

80.00
10.00

80.00
10.00

137.88
48.14

Film Developing

Negatives 24 
Positives 12

2.00 ea.
3.00 ea.

50.00
36.00

Color Composites

Images 3 29.40 88.20

Miscellaneous 30.00

Total $680.22

^Computer time calculated using high p rio rity  time costs 

^Includes a ll enhancements performed
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Suggestions fo r Additional Work

When considering sedimentary uranium deposits s im ilar to those of 

the Snowflake area, the use of other bands for Landsat ra tio  operations 

and d iffe ren t or varied colors for composite work are suggested. The 

choice of imagery and enhancements should be based on the tonal contrast 

and a b il i ty  of rock type discrimination achieved by each operation.

The selection of colors should be based on those that emphasize 

the tonal contrast achieved by the in i t ia l  enhancement operation.

Current work on the computer applications of Landsat imagery in 

the detection of uranium a lte ra tio n  halos is being carried out by Spirakis 

and Condit of the United States Geologic Survey (Sabins, 1978).

The use of lineament analysis and color id e n tific a tio n  of uranium 

deposits occurring in other physiographic provinces sim ilar to those of 

Hopi Buttes (v ien, collapse, e tc .) is recommended. Lavandowski et a 1. 

(1974) emphasize the use and possible significance of Landsat imagery and 

lineament analysis in the Basin and Range physiographic province fo r the 

in terpretation  of regional tectonics and distributions of regional 

geochemical and geophysical anomalies.
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