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ABSTRACT

LANDSAT satéliité'imagéry and aérial phopography can bé uséd to map
areas of éiterea sandstone associated with réfl-front uranium déposits.
Image data must bé énhancéd so that spectral contrasts rélated to alter-
ation can;Be séen through masking contrasts'of soil moisture and vege-
tation. Video image processing is a fast, lbw-cost, and efficient tool
with which té accomplish‘thisbtaék. For LANDSAT data, the 7/4 ratio pro-
duces the best enhancement of altered sandstone. The 6/k4 ratio is most
éffective for ‘color infrared aerial photography. ‘Field spectral‘reflé;-
tance data confirm the 7/h‘ratiq as the best discriminator between alter-
ed. and unaltered sﬁrfacés, and show that altered surfaces display7dis-
t}nctive absorption of radiation characteristiﬁ of ferric iron. |

Geochemical and mineralogical associations occur in unaltered,
‘altered,'and ore roll-front zones. Samples collected at the Pumpkin
Buttes uranium district show that iron, in the form of an oxide stain on
sand grains, is the primary coloring agent which makes alteration visu-
;ally detectable. Eh and pH cHanges associated with passage of a roll
front cause oxidation of magnetite and pyrite to hematite, goethite,
and limonite in thé host sandstone, thereby producing the alteration.
Statistical analyses show that the detectability of geochemical and col-
or zonation in host sands is weakened by soil-forming processes. Alter-
ation can only be mapped‘in areas of thin soil cover and moderate to
sparse vegetatfve cover, but can still provide a valuable exploration

guide for roli-front uranium deposits.
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INTRODUCT I ON

. The development of the roll-front model has been: a powerful tool
for exploratlon of sandstone-type uranium deposits in Wyoming. The mod-
el includes many facets of the deposits such as: geometry, color of the
host sandstone, source of uranium, paleoenvironment, mineralogy, geo-
chemistry, roll-front zonation, mode of emplacement, and age. The zone
of altered sandstone behind a roll front is extremely Important from a
remote sensing point of view, for it offers the possibility  for detec-
tion by satellite and airborne sensor systems.

.The spectral contrasts related to uranium deposits are subtle and
often masked. by stronger contrasts related to variations in soil, soll
moisture, and vegetatlion. Digital image processing has been employed to
enhance remote- sensor data, thus, enabling alteration to be ''seen'
through these interfering contrasts. Unfortunately, the potential of
these enhancement techniques for uranium exploration has not often been
realized because the cost of digital analysis is beyond practicality for
many users. A video/analog system for image analysis.was developed at
the University of Wyoming with support from the U.S. Dept of Energy.
This system can provide low-cost image analysns and can create enhance-
ments of a.type and quality comparable to many-digital image processing
systems (Levinson, Marrs, and Grantham, 1976). . :

This study is a comprehensive investigation.of altered sandstone
associated with uranium deposits near Pumpkin Buttes in the Powder River
Basin of Wyoming, and the detection of such alteration using remote
sensing technology The purpose of this study is two-fold: 1) to de-
velop video image processing techniques that will preferentially enhance
areas of alteration associated with uranium deposits and enable mapping
of these areas, and 2) to investigate the spectral, geochemical, and
mineralogical characteristics of altered areas which make them detect-
able on remote sensor data. Once these video processnng techniques have
been defined, they may be applied as exploration tools.to new.areas with
similar surface and geological environments. In this way, remote sens-
ing can serve as a valuable tool for uranium exploration.



.. PREVIOUS WORK

Attempts to use unenhanced remote sensor data in mineral explora-
tion have been largely unsuccessful because the alteration patterns as-
sociated with mineral deposits are often subtle and variable. Compound-
ing this problem is the fact that alteration patterns are usually masked
by strongei contrasts related to differences in soil type, soil mois=:
ture and vegetation. The most successful endeavors to map alteration as-
sociated with uranium deposits have 1) taken advantage of spectral char-
acteristics of the alteraton, 2) used digltal processing of multispec-
tral image data, and-3) applied the imagery in arid environments where
interference from soil, soil molsture, and vegetation is minimal. These
few successful studies have shown that the full spectral and spatial po-
tential of image data may be realized only if the interpreter employs
speclallzed image enhancement and analysns technlques These techniques
have included the followung ‘

(1) seasonal image: analysis : :

(2)- atmospheric (dark level) correction

(3) contrast stretching :

(4) density contouring (slicing)

(5) edge enhancement

(6) spatial frequency filtering

(7) digital classification and pattern recognition
(8) factor (principal component) analyses

- (9) band addition and multiplication

(10) band subtraction and ratioing :
(11) color additive viewing and composite display
(12) multiple nperations of the- above

0f these procedures, a combination of contrast stretch and ratio func-
tions have produced the most significant enhancement of desired image
contrasts (Vincent, 1973; Piech and Walker, 1974; Rowen, et al., 197h;
Spirakis and Condit, 1975; Salmon and Plllars 1975, Abrams, et.al.,

1977; Offield, et.al., 1977). :

Rowen, et.al, (1974) have shown that LANDSAT multlispectral scanner
(MSS) data can be used to discriminate ferric oxides from other materi-
als, in their south-central Nevada test area. They constructed an un-
calibrated ratio color composite from 4/5, 5/6, and 6/7 ratios of LANDSAT
MSS bands where each ratio was displayed in-a different color. Not only
were they able to locate areas of hydrothermal alteration (commonly 1i-
monitic rocks), but they also had some success using this ratio to dis-
criminate among ferric oxides (e.g. hematite versus limonite). The com-
puter processing and enhancement techniques demonstrated by Rowen, et.
al, (1974) may be applicable to exploration for sandstone-type uranium de-
posits commonly found associated with ferric oxide alteration.

. Salmon and Vincent (1974) have demonstrated that detectlon of all
ferric oxides can be enhanced by computer processing of a single LANDSAT



band ratio, the 5/4 ratio. They worked with data from. the semi-arid,
sparsely vegetated Wind River Basin of Wyoming. Their processing func-
tions included 1) atmospheric correction, 2) construction of the 5/4
ratio, 3) automated recognition of materials displaying low image densi-
ties (hugh amounts of ferric oxides, particularly hematite), and 4) den-
"sity slicing to enhance specifically the low-density areas.

Salmon and Pillars (1975) continued this work in the Wind River Ba-
sin, addressnng the problem of enhancing ferric oxides specifically re-
lated ‘to uranium deposits (as opposed to enhancing all ferric oxides).
Their methods included collecting samples of altered surface material
and subjecting these to laboratory analyses of spectral reflectance,
Munsell color coordinates, mineralogy, and .iron content. Results of
these analyses were compared to LANDSAT ratios. They found that the 5/4
ratio could separate hematite-stained surface materials but not limonite-
stained materials. However, when visually strong, yellow, limonite alter-
ation correlated with high concentrations of free ferric oxide, the vis-
ible and infrared absorption in LANDSAT bands 4 and 7 could be strong
enough to be recognized. Therefore, a combination of LANDSAT 5/4 and 7/6
ratios may detect some areas of limonitic stain.

- Salmon and Pillars' (1975) study also showed that, for eighteen se-
lected samples, Munsell color coordinates and ferric iron content de-
creased with a general shift in Munsell hue from 10YR to 5YR. This
same general shift in hues correlated with increasing 5/4 ratio values.
The ratios were generated from laboratory spectra of the individual sam-
ples. There was, however, no correlation between ferric iron content
and 5/4 ratio values.

Vincent (1977) continued the Wind River Basin work by constructing
a representative spectral signature from LANDSAT digital data for oxi-
dized topsoil found on or adjacént to known, near-surface uranium de-
posits. He used this signature in an automatic recognltlon mapping pro-
~gram for LANDSAT imagery. His ''false alarm'' rate was lower with this
method than with photo-interpretation of a single ratio (including the
5/4 ratio) or with color composite ratio images. However, this method
was unable to provide discrimination between secondary ferric oxides
commonly associated with uranium deposits and some ''‘uninteresting'' pri-
many ferric oxides. Vincent developed recognition contour maps based
on regions of equal percentage of ground area covered by his ''oxidized
topsoi 1" signature represented on LANDSAT imagery. He constructed
these maps for areas around the Gas Hills, and Southern Powder River
Basin uranium districts in Wyoming, and for the Jackpile mine area in
New Mexico. All maps showed ‘recognition of ''oxidized topsoil' in undis-
turbed areas adjacent to mine complexes. This suggests that his '‘oxi-
dized topsoil' signature might be applied to other LANDSAT scenes col-
lected at different times and places.

R. M. Hoffer and his staff at the Laboratory for Applications of
Remote Sensing (LARS) at Purdue University performed a comprehensive in-
vestigation on computer-aided analysis of Skylab MSS data in the San



Juan mountains of southwestern Colorado (Hoffer and staff, 1975). In
one of their studies, they attempted to enhance hydrothermal alteration
consisting of iron oxide gossans using both SKYLAB and airborne MSS .
data. They producéd ratios and ratio color composites similar to those
used successfully by Rowen, et. al. (1974) and Salmon and Vincent (1974).
While altered areas could be enhanced by using these : methods, so were
the noise characteristics of the data. Computer classification tech-
niques proved to be the most definitive and consistent approach for de-
lineating altered areas. However, successful application of these tech-
niques required much fore-knowledge of the area, adequate training sets,
and much computer time.

Spirakis and Condit (1975) used computer-enhanced LANDSAT data to
locate alteration zones associated with uranium deposits in the Painted
Desert near Cameron, Arizona. Their methods included digital processing
of LANDSAT data for removal of electronic noise and atmospheric haze,
then contrast stretching, ratioing, and constructing.ratio color com-

- posites. Field work showed that the altered rocks were similar throughr
out the mining district, but that the alteration. (a light brown-yel low
color) was not unlquely related to ore deposits. Two ratio composijtes
were effective in enhancing the alteration zones; they were the 5/4,

6/4, 7/6 combination and the 4/7, 6/4, 7/4 combination. The 6/4 ratio
was most influential in accentuating alteration for both composites (Spi-
rakis and Condit, 1975). Examination of the study area showed that many
alteration zones were obsecured by alluvium and vegetation. Also, other
rock units in the area produced anomalies similar to those produced by
alteration on the ratioed imagery. Their technique resulted in a 75%
success rate for observable alteration, and it demonstrated that ratios
other than 5/4 ¢olld be effective in enhancing altered areas.

Offield, et. al. (1977) worked with computer-enhanced LANDSAT MSS
data on geological studies related to uranium deposits in the southern
Powder River Basin of Wyoming. They found that various enhancements and
color presentations of the L4/5 ratio provide a reasonably good discrim-
inator of exposed hematlte alteration associated with uranium roll=-front
deposits there.

They used the portable field reflectance spectrometer (PFRS) de-
veloped by the NASA/Jet Propulsion Laboratory (JPL) at the California
Institute of Technology (Goetz and others,1975, Appendix E) to measure

spectral reflectance of altered and unaltered surfacematerials: - The field
spectra of altered rocks and their overlying residual soils showed ab-
sorption bands characteristic of ferric iron near 0.55 and 0.9 ym (Hunt,
Salisbury, and Lenhoff, 1971) which were absent or minimal in spectra

of unaltered materials. These patterns measured in the field agreed with
controlled laboratory spectral measurements of selected samples. The
spectra measured by Offield, et. al. (1977) also show that other spec-
tral bands not available from LANDSAT should permit even better discrim-
ination of altered materials associated with uranium roll-front deposits.
On a 5/6 ratio, a large lineament marked by changes in vegetation and
stream course patterns seemed to correlate with the western limit of



known economical deposits in the region. Other lineaments mapped from
LANDSAT imagery correlated with the trend of mapped subsurface folds and
ore-sand isopachs. Offield, et. al. (1977) suggest that many of these
lineaments are related to structures which controlled the flow of uran-
ium-bearing solutions.

Houston, et. al. (1973) studied uranium mineralization in coarse-
grained, oxidized, arkosic sandstones in the Powder River Basin of Wyo-
ming. They attempted to map altered areas from a LANDSAT false-color
composite scene. Houston's map was compared to a geological map of the
area compiled by Sharp and Gibbons (1964). Correlation between the im-
age interpretation and mapped zones was slight (fig. 1). Because of the
marginal success, Marrs, et. al. (1973) made several additional inter-
pretations of the same area. There was fair to good agreement among in-
terpreters with respect to location of altered areas, but little agree-
ment as to the boundaries of the altered zones. Still, the interpreta-
tions only roughly corresponded to Sharp and Gibbons' (1964) map.

The most obvious color anomalies in the area correspond to altered
sandstone mapped by Sharp and Gibbons (1964). The Pumpkin Buttes uran-
ium district in the central Powder River Basin is one such area. In
this area, several individual altered sands were recognized as color
anomalies (fig. 1). These anomalies compared more favorably to a de-
tailed large-scale geological map of the Pumpkin Buttes mineral district
by Sharp and White (1957). Several of the individual color anomalies
coincided with known uranium occurrences.

Video/analog image processing is a new technology which can pro-
vide an alternative to costly digital image processing for image en-
hancement. Many of the digital procedures described previously can al-
so be accomplished in an analog mode.

Only two investigations have used video/analog image processing to
evaluate uranium districts. Neither attempted to map uranium alteration
directly.

Kober and Procter-Gregg (1977) used LANDSAT 19-cm (7.5-in) trans-
parency sets to enhance alteration halos in fifty areas of known uranium
occurrences in the western United States. Their hybrid-analog video
processor enabled them to analyze great volumes of data with compara-
tively little expense and time. They also demonstrated th utility of
density contouring to enhance changes in brightness on LANDSAT imagery.

Marrs and King (1978) demonstrated that video processing can be
economically used as part of a program to assess regional uranium re-
source pulential. Like Kober and Procter-Gregg (1977), they analyzed
LANDSAT imagery for many diverse areas in the western United States.
Their processing functions included ratios, band subtractions, edge en-
hancements, density contours, and color composites. These were applied
selectively, depending on characteristics of each study area. Results
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Figure 1 Occurrence of red-colored sandstone in the Powder River Basin, Wyoming.

A. Interpreted from an unenhanced LANDSAT color composite
(Houston, et. al., 1973).

B. Interpreted from a video-enhanced LANDSAT color composite.
C. Field occurreace as mapped by Sharp and Gibbons 1964).



from their enhancements were mixed. |In areas where geologic structure
played a major role in ore emplacement (e.g. calderas), structural en-
hancements and geomorphic interpretations proved more successful than
spectral analyses. In other areas, which involved shallow sandstone-
type uranium deposits, various spectral band combinations proved more
effective (though not always successful) in locating favorable environ-
ments for mineralization. Vegetative cover was often the limiting fac-
tor in determining the success of video analyses, though quantitative
and qualitative information on vegetative cover was generally lacking.
The exact effect of vegetation in any particular enhancement was not
documented, though in several cases the 5/7 ratio was used to enhance
differences in vegetation which seemed to indicate favorable lithologic
environments for uranium deposition.

Townsend (1979) attempted to identify alteration associated with
uranium mineralization in the Crooks Gap district from processed
LANDSAT multispectral imagery. He found much of the altered ground
characterized by a '"bleached' condition with no diagnostic color.
Smaller areas within the altered zone are pale red in color and ex-
hibited high values in the LANDSAT 5/4 band ratio; but sand dunes
and outcrops of red-colored Triassic rocks also produced high 5/4
ratio values. Townsend concluded that the altered ground in the
Crooks Gap district is not spectrally identifiable (1979, p. 46).
However, the LANDSAT multispectral data could still be used as a
reconnaissance tool for identifying all areas rich in ferric iron
oxides, some of which would be altered ground.



CHOICE, LOCATION, AND ACCESS OF STUDY AREA

The Pumpkin Buttes uranium district (fig. 2) was chosen for study
because previous work by Houston, et. al. (1973) and Marrs, et. al.
(1973) provided a basis from which the contribution of video processing
technology could be evaluated. Scientists at JPL were, at that time,
considering the Pumpkin Buttes area for study of the spectral character-
istics of altered rocks and soils. The potential availability of their
PFRS data further encouraged selection of the Pumpkin Buttes area as a
test site. Some mining activity took place in the area between 1953 and
1964. This early development consisted of a few small open pits and
scattered scrapings of surface material. At the start of this investi-
gation, the study area was relatively undisturbed. A year after the
start of fieldwork, the Hartzog Draw oilfield was developed southward
through the study area. New roads, pipelines, drilling, and production
facilities have now destroyed some of the natural cover.

The physiography of the Pumpkin Buttes area is favorable for remote
sensing studies. The gently rolling, vegetated uplands east of the
buttes are typical of Wyoming basin topography and range conditions. In
the western part of the study area, badland topography provides good
exposure of lithologies and enables fairly good stratigraphic control
for ground-based and remote studies.

The Pumpkin Buttes stand in the southwestern corner of Campbell
County, Wyoming, in the central portion of the Powder River Basin. The
study area (fig. 3) covers 373 km2 (144 mi2), centered around T. 45 N.,
R. 75 W. This area comprises most of the Savageton, Wyoming 15-minute
quadrangle (U.S. Geological Survey, 1959), and includes the northeast
portion of the Pumpkin Buttes uranium district as well as areas outside
the district. North (Pumpkin) Butte is in the southwest carner of the
study area, and Black Butte is in the extreme northeast corner. The
study area is located 56 km (35 mi) southwest of Gillette, Wyoming on
Wyoming State Highway 50. The area may also be approached from Wyoming
Route 387, which passes south of the Pumpkin Buttes. From this direc-
tion, the study area is located 29 km (18 mi) north on State Highway 50
from Pine Tree Junction. A county road intersects State Highway 50 at
Savageton, Wyoming, and leads westward into the study area. Ranch and
oilfield roads give reasonably good access to the rest of the study
area.
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Figure 2. LANDSAT mosaic of Wyoming showing location of
Pumpkin Bulles study area (S5A) and outline of
the Powder River Basin (PRB).
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REGIONAL SETTING

Geomorphology

The study area lies within the unglaciated portion of the Missouri
Plateau Section in the Great Plains Geomorphic Province (Fenneman,
1931). The Pumpkin Buttes are on the drainage divide between the Belle
Fourche River and Powder River watersheds. Most of the study area has
been classified as 'rolling divide'', characterized by smooth rolling
topography (fig. 4). The extreme western portion of the study area is
dissected upland, characterized by the moderate badland topography of
the Powder River Breaks (Breckenridge and others, 1974). Elevations
range from 1848 m (6062 ft) on North Butte to 1399 m (4589 ft) at the
northwest corner of the study area where Pumpkin Creek exits.

The Pumpkin Buttes are prominent landmarks in the Powder River
Basin, towering over 305 m (1000 ft) above the surrounding prairie.
They are unique in that they are the last preserved remnants of an old-
er erosion surface. The only remnants of mid-Tertiary (0ligocene) rocks
in the Powder River Basin cap the Pumpkin Buttes. The Pumpkin Buttes
include 5 major flat-topped mesas and several smaller buttes. Slump-
ing, landslides, and solifluction are very common on the flanks of all
buttes. Thick accumulations of allumium and colluvium lie at the base
of the slopes. These deposits are deeply dissected. Several gullies
contain natural bridges of alluvium--evidence of extremely rapid down-
cutting in recent years.

Regional variations in geomorphic pattern are caused primarily by
differences in erosional characteristics of the nearly flat-lying Terti-
ary bedrock as the various units respond to downward and lateral dissec-
tion by fluvial channels and by eolian erosion and deposition.

Climate and Vegetation

Interactions between climate and hydrology have a major influence
on transport and deposition of uranium deposits. For a detailed discus-
sion of climate in the Powder River Basin and its implications concern-
ing uranium deposits, the reader should refer to Morris (1977).

The climate of the Powder River Basin is temperate and semi-arid.
The Pumpkin Buttes area receives 30.5-35.6 cm (12-14 in) of precipita-
tion (WRRI, 1974), most of which occurs in the spring and early summer.
The average January tcmperature for the area is -6°C (22°F), and the
average July temperature is 25°C (77°F) (Becker and Alyea, 1964). Tem-
peratures vary widely in both diurnal and seasonalcycles. The region
has a growing season averaging about 120 days (Breckenridge and others,

1974) .
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View looking west to North Butte, showing
typical vegetation and physiography in the
study area.
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Vegetation in the Pumpkin Buttes area consists primarily of
sagebrush-grassland communities. Vegetative cover typically ranges
from 15 to 40 percent. In narrow alluvial valleys, where moisture is
abundant, vegetative cover often exceeds 85 percent. Occasional cotton-
wood trees can be found along these valleys. Grasses are mainly gramma-
needlegrass-wheatgrass associations (Klchler, 1964). Common sagebrush
species and subspecies include silver sagebrush, basin big sagebrush,
and Wyoming big sagebrush. These are typical of plant species found
throughout the Wyoming basins (Knight, Hill, and Harrison, 1976). Other
ground vegetation include threadleaf sedge, rabbitbrush, and prickly
pear cactus (Glassey and others, 1955). These species are uniformly
distributed on favorable upland sites. Figure 4 shows typical vegeta-
tion of the rolling divide topography which constitutes most of the
study area. Alluvial lowlands are covered with dense grasses, sedges,
willows, and occasional cottonwood trees, while ridgetops support only
sparse herbaceous plants and occasional yucca. Sagebrush is distribut-
ed over most upland sites, but is generally absent on ridgetops. Limber
pine, ponderosa pine, and Rocky Mountain juniper grow on the flanks of
the Pumpkin Buttes. Department of Interior (1974) and Ziemans and Wal-
ker (1977) provide lists of flora and descriptions of vegetation com-
munities in the Powder River Basin. Readers should refer to those pub-
lications for further information on vegetation.

Soils

Soils in the test region are grouped according to similarities in
geologic substrata and topography (Glassey and others, 1955). Much of
the eastern study area has a cover of Ulm and Renohill series soils.
Ulm soils are mature, derived from sandy and silty bedrock, and are
characterized by a grayish-brown color, loamy or slightly sandy surface
layers, and by friable, silty to clayey, calcareous, subsoils. They
occupy upland areas of gentle relief and absorb most of the precipita-
tion that falls.

Renohills soils occur in uplands of moderate relief throughout the
study area. These soils are mature, noncalcareous, and are character-
ized by a light gray to brown color, compact, loamy or silty upper lay-
er, and a more friable clay-loam subsoil. They are found on moderately
sloping hillsides and on broad, flat ridgetops. Moisture permeates
slowly through Renohill soils.

The bottomlands and draws contain soils of the Arvada series and
the Banks fine sandy loam. These are light-colored, clayey to fine
sandy soils developed from water-transported material. Soil consistency
varies from compact to loosely coherent and water permeability rates
vary from fast to slow. These soils are scabby where eolian erosion
has removed the surface soil and exposed the more compact clayey subsoil.

An association of shallow, immature soils (entisols) occur on dis-
sected uplands in the western part of the study area and on most
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rolling divide ridgetops. The nature of the parent material largely
controls the character of the thin soil mantle that overlies the origin-
al strata. The result is a complex pattern of soils differing from one
another in texture, reactions, and color (Singleton and Cline, 1976).
Soils that make up the entisol complex are the Tassel, Lessat, Shingle,
Wibaux, Shake, Samsil, and Louviers series. These are classified ac-
cording to texture and presence of calcareous material (table 1). Soils
of the Wibaux series have not been included in table 1 as they are sim-
ilar to soils of the Shake series in texture and calcareous habit; they
differ in that they have a more yellow hue than Munsell 5YR (Singleton
and Cline, 1976).

Table |
Entisols in the Pumpkin Buttes Area
Texture l:alcarenns - Non-Calcareous
Moderately coarse texture pre- Tassel Lessat

dominantly sandy loams, sandy
clay loams

Medium to moderately fine texture Shingle Shake
sandy clay loams, light clay

loams

Fine texture predominantly clay Samsi | Louviers
loams

Most of the soils in the region have develuped in place and are
shallow == usually less than 76.2 cm (30 in) in thickness (Glassey and
others, 1955). On steep slopes and on ridgetops, soil thickness of only
a few centimeters is common.

Due to prevailing climate and relatively sparse vegetative cover,
organic matter has accumulated slowly. Therefore, soils are usually
light-colored, and variation of soil color may be principally attributed
to chemical weathering of underlying rock units (Birkland, 1974). Com-
pounds released through weathering of bedrock form pigmenting materials
which occur as colloidal coatings on soil particles. The concentration
of pigmenting materials may be indicated by the color intensity. Com-
mon pigmenting agents include compounds of iron, manganese, aluminum,
and calcium carbonate. Gray-blue colors often indicate the presence of
pigments in a chemically reduced state; while red, yellow, and brown
colors indicate the presence of oxides and hydrous-oxides (Birkland,
1974) . Other factors affecting soil color are texture and moisture. Be-
cause a fine-grained soil has more surface area per unit volume than a
coarse-grained soil, a greater quantity of pigment material is required
to produce the same color in a fine-grained soil. The exact effect of
texture on soil depends on the nature of the pigmenting agent. A dark-
ening agent, such as manganese oxide, will produce a darker color in a
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coarse soil than in a fine soil, because less pigmenting agent is re-
quired to coat coarse soil particles. By the same reasoning, a light
pigmenting agent such as calcium carbonate will produce a lighter color
in a coarse soil than in a fine soil. Moisture content also affects
color, in that wet soils are usually darker and more vividly colored
than dry soils. They have lower Munsell brightness values and greater
Munsell chromas (G.S.A., 1975). Physical properties of soils, such as
texture and moisture content, will affect the value and chroma of re-
flected light, but the hue (the basic color of a soil) depends solely
on the pigmenting agents present in the soil.

Generally, only immature, shallow soils will exhibit colors of the
parent material. Therefore, detecting and mapping of uranium alteration
is possible only in entisols. As soils develop, organic material accum-
ulates and decomposes. Groundwater movement causes leaching and cir-
culation of chemical components (including pigmenting agents). Through
time, a progression of soil colors in a well-developed soil reflects
chemical changes as ions are leached out of surface horizons. For ex-
ample, oxidized iron is soluble in an acidic environment, but will re-
main in place until all calcium carbonate (CaCO3) has been leached and
removed. Removal of CaC03 may actually enhance iron oxide coloration
in these soils. However, it will eventually lower the pH of the soil,
enabling iron oxide to be leached. Hence, its effect on soil color will
subsequently diminish.
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GEOLOGY

Geological Setting

The Powder River Basin is a large, topographic and structural basin
in northeastern Wyoming which extends northward into Montana (fig. 2).
The basin is bounded on the east by the Black Hills, on the southeast by
the Hartville Uplift, on the south by the Laramie Range and Casper Moun-
tain, on the southwest by the Casper Arch and on the west by the Bighorn
Mountains. Topographically, the Powder River Basin is open-ended to the
north. Structurally, the basin is bounded to the north by the Miles
City Arch and Porcupine Dome.

Stratigraphy

The Pumpkin Buttes study area contains continental sedimeinlary rocks
of the Wasatch Formation (early Eocene age) and the White River Formation
(Oligocene age). A band of Fort llnian Formation, of Paleocene age, viups
out along Great Pine Ridge, 29 km (18 mi) southwest of the Pumpkin Buttes.
Several Cretaceous units are exposed even farther to the southwest. The
extent and lithologic characteristics of these formations are shown
graphically in figure 5 and plate 1.

Wasatch Formation

The Wasatch Formation displays an array of lithologies and colors.
It comprises drab, brown to gray claystone, siltstone, and carbonaceous
shale, interbedded with buff to gray sandstone, fresh-water 1imestone,
and black coal beds. In the Pumpkin Buttes area, the Wasatch may have a
total thickness of over 915 m (3000 ft) (Mrak, 1958; Love, 1978). It
thins out to the south, having a thickness of less than 305 m (1000 ft)
(Sharp and Glbbons, 1964). A geological map by Sharp and White (1957)
shows that the ratio of coarse- tn fine-grained rocks of the Wasatch Tor
mation in the Pumpkin Buttes vicinity is about 1:3. This agrees with the
figure stated by Troyer and others (1954). Regional studies by Davidson
(1953) have shown that the Wasatch Formation contains more abundant
coarse-grained sediments in the southern part of the Powder River Basin
and contains predominantly fine-grained sediments in the northern part
of the basin. This fining northward trend indicates that the major
source of sediments was to the south. All known uranium deposits occur
where the formation contains a mixture of interbedded coarse- and fine-
grained units.

In the Pumpkin Buttes area, the claystones and siltstones are var-
iegated. Though they are predominantly drab, in places, purple, green,
yellow, brown, and red tints occur. Lateral changes in composition and
grain size are common and sometimes abrupt. Claystone, siltstone, fine-
grained sandstone and carbonaceous shale commonly grade laterally into
one another. These units are usually thinly bedded, though claystone
units are sometimes massive and blocky. |Ironstone and nodules of
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pyrite-cemented clastic material are locally abundant. Some small lenses
of siltstone are rich in pelecypod shells. Other small zones contain
abundant plant material.

The limestone and marlstone units are generally thin, lenticular,
and have a blocky to slabby appearance in outcrop. One thin limestone
unit on Chimney Hill, 16 km (10 mi) northeast of North Butte, can be
traced for a distance of 4 km (2.5 mi). Limestones and marlstones
weather to a distinctive dark yellow. The marlstone has an abundance of
fine-grained clastic particles and may grade laterally into either lime-
stone, siltstone, or claystone. Many divide ridges and low knobs are
capped with resistant limestone or marlstone. These units form ledges
on the flanks of buttes and on cutbank exposures. Chemical analysis of
limestone samples show that they contain greater than 60% calcium car-
bonate (CaC03).

Carbonaceous shale beds are numerous in the Pumpkin Buttes area,
but few are traceable over great distance. These beds often contain
large amounts of coarsely crysLalline gypsum, native sulfur, and pyrite.
Coal beds usually occur as lignite seams which vary in thickness, but are
usually less than 1 m (3.3 ft) thick. Coal seams often grade laterally
or vertically through a shale or carbonaceous shale bed. The presence of
these carbonaceous beds may be significant to the localization of uran-
ium. All coal and carbonaceous strata in the Pumpkin Buttes area contain
abnormally high amounts of uranium (Love, 1952). For example, a uranium
deposit on the south flank of North Butte occurs in a thick sandstone
unit which overlies a shale bed containing a lignite seam. The lignite
rises unconformably in the shale bed until it comes within 10 cm (4 in)
of the shale/sandstone contact, then descends into the shale bed. At
the point of closest proximity to the lignite, the sandstone is intensely
altered and enriched in uranium (fig. 6).

Sandstone units in the Wasatch Formalion occur as lenticular ''chan-
nel' sands which are arkosic in composition, fine- to cnarse-grained,
sub-angular to sub-rounded, moderately sorted, and contain stringers and
lenses of conglomerate. The sandstone lenses range from 6.1 m (20 ft)
to over 30.5 m (100 ft) in thickness, and have been mapped continuously
for distances as great as 19.3 km (12 mi) (Sharp and others, 1964). The
sandstone beds are typically massive and cross-bedded, moderately fri-
able, and cemented with calcite. A few beds are tuffaceous. The conglom-
erate beds within the sandstones are thin and contaln clay fragments as
large as 7.6 cm (3 in) in diameter. These clay fragments occur as round-
ed pebbles, curved galls, and angular blocks. Colified wood and plant ma-
terial are often associated with the conglomeratic zunes. These zones
may be extremely radioactive.

The sandstones frequently display graded bedding, channel and fill
structures, and large-scale trough cross-stratification (fig. 7). Com-
paction features and soft sediment deformation are common in some arcas
(fig. 8A). The most conspicuous sedimentary feature of the sandstones
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Figure 6.

Uranium deposit on the south flank of
North Butte which demonstrates the effect
carbonaceous beds have on localization of
uranium. The line is drawn along the top
of a coal seam.



in the Pumpkin Buttes area is the epigenetic concretions of sand grains
cemented by CaC0Oz. The variations in size, shape, cementation, and
weathering, provide many interesting forms (fig. 8B). The largest con-
cretions are up to 30 m (100 ft) long and 1.8 m (6 ft) in diameter and
resemble the lobate, pipy concretions in western Nebraska and eastern
Wyoming described by Schultz (1941) (fig. 9A). Other forms include con-
centric masses and spherical forms locally known as ''schmoos'', ''cannon
balls', and '"pumpkins'' (fig. 9B). It is these concretions to which Pump-
kin Buttes owe their name (Sharp and Gibbons, 1964; Steidtmann, 1978).
Calcite concretions are believed to have their origin in migrating
groundwaters, Study of their distribution and orientation may be a use-
ful indicator of groundwater movement, and may provide a clue to the
origin of uranium deposits (Meschter, 1958).

A significant feature of the sandstone lenses within the Pumpkin
Buttes uranium district is color. The predominant color of the sand
stone is a grayish=tan (Luflf), but within a narrow zonc, exlending
southward frum the Pumpkin Buttes area to the Box Creek uranium district
in the southern Powder River Rasin, sandstone coloar varies from yellow
to deep purple. The boundary between the colored and buff sandstone is
usually sharply defined and transects sedimentary structures and small
changes of lithology within the sandstone (fig. 10).

- Pyrite nodules are common in some buff sandstone units which, ap-
parently, have not been long exposed to weathering. Ironstone is abund-
ant in the colored sandstone and uncommonly occurs in the buff sand-
stones. Fossil and coalified wood, leaves, grass, and other plant ma-
terial occur locally. Fossil wood is replaced by silica, goethite, or
hematite, and occasionally shows pseudomorphs of pyrite.

Sandstone units are resistant to erosion and usually cap ridges and
knobs, and form ledges on the flanks of the Pumpkin Buttes. The surface
overlying sandstone units ic characteristlcally pockmarked by blowouts.

Vertebrate fossils collected by the author and by Love (1977) indi-
cate an early Eocene age for the Wasatch Formation in the Pumpkin Buttes
area. Those fossils occur only near the top of the Wasatch Formation
(plate 1). Fossils collected lower in the formation are older and prob-
ably do not belong to the Wasatch Formation as currently defined (Delson,
1971; Taylor, 1975). The type locality of the Wasatch Formation, in
Utah, is over 483 km (300 mi) away from the Pumpkin Buttes area. Compar-
able strata in intervening basins have different names (e.g. Wind River,
Indian Meadows, Battle Springs, and Willwood lormations). It is unlikely
that rocks deposited by rivers flowing north from the southern Puwder
River Basin were derived trom the same source as those of the type Wa-
satch. It is also questionable that the base of the Wasatch Formation,
as mapped in the Powder River Basin, coincides with the boundary between
rocks of Eocene and Paleocene Age. For these reasons, use the term 'Wa-
satch Formation' for the Powder River Basin is inappropriate and should
be reconsidered or abandoned. It will be used in this report because a
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Figure 7. Sedimentary structures in the Wasatch Formation.
A. Channel and fill
B, Large-scale trough cross stratification
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Figure 8. Sedimentary structures of the Wasatch Formation.
A. Soft sediment deformation.
B. Epigenetic concretion; differential cementa-
tion affects the weathering patterns
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Figure 9. Sedimentary structures of the Wasatch Formation.
A. Pipy concretions.
B. Schmoos or pumpkins.
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Figure 10. Sharply defined color contact in
Jeannette mine pit.
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new term has not yet been formally defined. J. D. Love of the U.S.G.S.,
has proposed the term '"'"Pumpkin Buttes Formation'' for the lower Eocene
rocks in the Powder River Basin based on a type exposure on North Butte
(plate 1, column 2) (Love, 1977). .His proposal has been-accepted by the
U.S.G.S., but is still unpublished.

White River Formation

A basal member of the White River Formation caps the five major
buttes and is 9 to 23 m (30 to 75 ft) thick. An erosional disconformity
separates the resistant White River Formation from underlying friable
sandstones of the Wasatch Formation. Two lithological units are pre-
sent on the Pumpkin Butes: a caprock unit and an overlying tuffaceous
claystone facies. The caprock consists of coarse- to very coarse-
grained conglomeratic sandstone with a silicious cement.. The pebbles
present in conglomeratic zones are rounded and range in size from 2.5 to
10 cm (1 to 4 in) in diameter. The conglomerates contain pebbles of -
quartzite, limestone, chert, gneiss, hornblende, hypersthene, and augite.
These rocks and minerals are similar to those found in rocks of Paleozoic
and Precambrian age in the Big Horn mountains and in Tertiary volcanic
rocks in the Absaroka Range (Love, 1952). The mineralogy, grain-size,
and siliceous cement combine to make the caprock a resistant cliff-former
which is responsible for preservation of the Pumpkin Buttes. The tuffa-
ceous: clay-stone unit: consists of remnants- of soft, white and pink
tuff and bentonitic claystone. It is easily eroded and is found only in
a few areas overlying the caprock and filling fractures in the caprock.
Vertebrate fossils found in this unit confirm an Oligocene age for these
sediments.

The areal extent of the White River Formation and overlying Miocene
sediments was originally much greater than at present. These formations
probably draped across the entire Powder River Basin and connected indi-
vidual occurrences to the northwest, east and south of the Powder River
Basin (Darton, 1905; Love, 1952). Black Butte, a hill 21 km (13 mi)
northeast of North Butte is capped by large slumped blocks of hard, hema-
tite stained, very-coarse, silicious sandstone, believed to 'be of White
River origin. These blocks were apparently let down more than 183 m (600
ft) by erosion of the less resistant Wasatch formation. Other blocks of
White River lithology occur on hills in the vicinity of Black Butte and
at a locatlon 8 km (5 mi) south of North Butte.

Structural Development

The Powder River Basin is a broad asymmetrical syncline with its
Precambrian axis in the western part of the basin. The axis shifted east-
ward as the basin filled; and the present axis (as measured from dips on
Tertiary rocks) now lies several miles east of the basement axis (Dahl
and Hagmaier, 1976). This reflects a regional tilting of the basin in
Tertiary time.
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In the Pumpkin Buttes area, data from wells indicate Tertiary basin
fill of at least 1829 m (6000 ft). Below this are 2134 m (7000 ft) of
Cretaceous rocks, 305 m (1000 ft) of Jurassic and Triassic rocks, and
610 m (2000 ft) of Paleozoic rocks. The estimated depth of sedimentary
rock; is about 44,878 m (16,000 ft) in the Pumpkin Buttes area (Love,
1952). :

Except for local diagenetic and depositional features, the beds in
the Pumpkin Buttes area lie almost horizontally; dips range from 4 to 8 m
per km (20 to 40 ft.per mile) on the east side of the ‘buttes, to more than
20 m per km (100 ft per mi) in the area west of the buttes (Troyer and
others, 1954). Two joinging trends are common; one set trends N. 60° E.
and one set trends N. 30" W. Some joints are filled with white punky
calcium carbonate (CaC03). No significant faulting is recognized in the
Pumpkin Buttes area, although several minar reverse faults offset coal
beds on cutbank outcrops along the Powder River, west of the study area
(Sharp and others, 1964).

Scveral minur stlructures are present in the Pumpkin Buttes area
(fig. 11). These are described by Wegemann and others (1928), Troyer
and others (1954), Osterwald and Dean (1961), and Sharp and others (1964).
These structures consist primarily of small, very gentle anticlines and
synclines which approximately follow the general northwest-southeast
structural trend of the Powder River Basin. Osterwald (1955) believes
these folds are related to tectonic patterns in the Precambrian basement
which have influenced later movements. Through repeated deformation, the
Tertiary rocks have become slightly deformed and jointed. Thus, tectonic
activity has provided a favorable structural environment for uranium trans-
port and deposition.

1t seems more likely that most of these minor structures are related
tu differential compaction of the underlying sediments (Law, 1976; Black-
stone, 1977). The unusually thick coal seams of the Lower Wasatch and
upper Fort Union Formations together with burned coal beds and facies
changes in coal and non-coal lithologies could provide the necessary en-
vironment for differential compaction and deformation. The results of
these processes are readily visible as contorted sedimentary structures
(fig. 8A). Regardless of the mechanism which created these minor folds,
they certainly exerted control over sedimentation patterns and location
of paleostream channels during deposition of the host sands. Joint pat-
terns created by subsequent deformation provided conduits for uranium-
bearing groundwaters. :
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URANIUM DEPOSITS

Ore-grade uranium was first discovered in the Pumpkin Buttes area
in 1951 by J.D. Love of the U.S.G.S. during a ground check of radio-
active areas located by an airborne radiometric survey. The early de-
scriptions by Love (1952), Troyer and others (1954), Sharp (1955) and
Sharp and others (1956, 1964) were of near-surface oxidized deposits.
Deeper, unoxidized deposits have been described by Davis (1969), Rackley
and Johnson (1969), and Schafer (1977).

Two types of uranium deposits have been observed in the Pumpkin
Buttes district; concretionary and disseminated deposits.

in the concretionary deposits, oxidized uranium minerals are asso-
ciated with pyrite or manganese oxide nodules. The deposits are small
in size (less than 61 cm (2 ft) in diameter), round to irregularly
shaped, very rich in uranium and often display a concentric arrangement
of minerals (Sharp, et. al., 1964). Coalified and ferruginous woody
material is common in or near some nodules. The concretions are gener-
ally isolated within zones of red-colored host sandstones.

Disseminated deposits occur as shells between interpenetrating
tongues of buff or colored sandstones. Green, yellow, and black uranium
minerals interstitial to sand grains are usually in buff or yellow sands
along color contacts or around calcite concretions. Mineralization also
occurs in porous sandstones where red sandstone intersects underlying or
overlying fine-grained clastic rocks at a low angle. Mineralization
also occurs where concentrations of carbonaceous material are present in
the host sand or in underlying or overlying sediments. Though dissem-
inated deposits are usually of lower grade than concretionary deposits,
they are much larger in size. They may be economically important, and
can be sought using a variety of techniques, including remote sensing.

The similarities between disseminated uranium deposits in Tertiary
sandstones of many Wyoming basins has given rise to the "roll-front"
emplacement model for Wyoming sandstone uranium deposits. Though spe-
cific factors in thc model arc disputed among gecologists, the develop-
ment and application of the roll front model has proven to be a powerful
tool for the exploration geologist.

Geometry of Roll-Front Deposits

The idealized geometry ot a roll-front deposit is shown in figure
12. The host sandstone beds may range from 3 to 18 m (10 to 60 ft) in
thickness. These are lenticular sand bodies which are usually tongue-
like extensions of major sandstone units. The ideal shape of the depos-
it, in cross-section, resembles a crescent roll in which the concave
side encloses altered, and often colored sand, and the convex side
points toward fresh or unaltered (buff colored) sands. The upper and
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lower edges of the crescent or ''limbs'' may extend back some distance
from the roll. Vertical distance between the limbs typically ranges
between 1 to 10 m (3 to 33 ft). Often, limbs are bounded by less per-
meable lithologies, such as claystone, siltstone, or shale. |In plan
view, the deposits are irregularly lobe-shaped. Often, fingers of al-
tered ground extend into unaltered ground. Uranium mineralization oc-
curs at the altered-unaltered interface in these fingers and in ''pseudo-
blankets'' along the upper and lower limbs (DeNault, 1974). The ore bod-
ies vary greatly in thickness, but are usually thickest at the front and
thin at the limbs.

Actual geometry of the roll-front deposits varies greatly from the
idealized crescent and may trend more towards hour-glass, tube, or ''S"
shapes (Shaw, 1956). Local variations in geometry and distribution of
rolls appear to be related to differences in permeability, fracture den-
sity, and dip of the host rock (Alder and Sharp, 1967).

Roll-front uranium deposits, everywhere, are associated with large
tongues of altered sandstone which were produced by the passing of ore-
bearing solutions (Harshman, 1970). Though the character of the result-
ant alteration differs from place to place the most common effect is
that of oxidation.

Color

Color associated with uranium alteration can be spectacular, as
with deposits in the Powder River Basin (Sharp and others, 1964; Sharp
and Gibbons, 1964). Unfortunately, alteration colors vary within a min-
eral district, as well as between mineral districts.

The color of the host sandstone is largely a function of chemical
~and mineralogical redox changes affecting iron and organic matter (Adler
and Sharp, 1967). When sandstone is subjected to oxidatlon, notable
- color changes take place. The sandstone may become yellowish due to
presence of hydrous ferric oxides (limonite, goethite) or purple or red
" due to presence of ferric oxides (hematite). Altered ground can also
_take on a bleached appearance relative to buff-colored unaltered rocks,
or It may become greenish due to concentration of ferrous iron and mont-
morillonite.

In the Pumpkin Buttes area, colors of altered rocks range from pur-
ple to red, pink, orange, or yellow. The color cross-cuts many primary
sedimentary structures as does the disseminated ore, showing clearly
that the ore minerals and alteration are epigenetic (fig. 10). An al-
teration zone may be entirely red, or it may contain thin red stringers
and red nodules interspersed throughout the sandstone. Hematite stained
sand has been shown, by exploration drilling, to extend to depths of
more than 457 m (1500 ft) in areas where movement of ground-water has
. been inhibited (Bailey and Childers, 1977; Childers, 1974).
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The spectral reflectivity of the alteration is especially important
from a remote sensing point of view. Reddish pigments from altered sand-
stones are incorporated into the soil and show anomalous patterns with
respect to buff-colored unaltered ground and non-host lithologies (fig.
13). Reddish anomalies, interpreted within the framework of the local
geoTogy, geomorphology, and the roll-front model, can provide a valuable
clue to the location of ore bodies.

Sources of Uranium

Before the discovery of uranium in Tertiary sandstones of the Wyo-
ming basins. a magmatic-hydrothermal model was used as an explanation
for origin of most uranium ores. The Wyoming roll-front deposits are
far-removed from sites of plutonic activity, making a magmatic source
quite improbable. This gave considerable impetus to the theories of sec-
ondary enrichment by groundwater.

Weathering and leaching of granite rocks could provide uranium for
deposition in the Wyoming basins. Surficial oxidation, acting on frac-
tured granitic rocks, makes loosely bound uranium soluble. Uranium can
be leached by meteoric waters and groundwaters, enter the aquifer sys-
tems, and migrate basinward great distances to sites favorable for depo-
sition. It is probable that greater amounts of granite were exposed
during the Laramide orogeny. High concentrations of uranium in hypother-
mal and mesothermal veins now removed by erosion, may have contributed
large amounts of uranium to the Tertiary basins (Houston, 1969).

An area of provenance for host sandstones of most major uranium
districts in Wyoming is the Sweetwater Arch. Some granites there have
uranium contents of 10-20 ppm, which is three to five times the average
content of igneous rocks (Masursky, 1962, p. B95; Stuckless, et. al.,
1977). Lead isotope studies and material balance of lead, thorium, and
uranium for the Sweetwater granites indicate that 75% of the amount of
uranium required to produce the radiogenic lead found in these granites
has been removed from these rocks during the Cenozoic. This may consti-
tute a major source of uranium now in ore deposits in Wyoming basins
(Rosholt, et. al., 1973).

A similar concept holds that uranium was leached from arkosic sand-
stones which were deposited from weathering and disaggragating granitic
uplands (Rackley, 1972). The roll-front model would then provide a means
of concentrating uranium already present in the host rock.

Another theory for the origin of uranium involves leaching of ura-
nium from tuffaceous material either within or above the host sands. As
volcanic ash devitrified, groundwaters may have leached silica, alkalis,
uranium, vanadium, molybdenum, selenium, arsenic, phosphorous, and other
substances (Waters and Granger, 1953; Denson and others, 1956; Grutt,
1971). Much of the original volcanic material is now altered to mont-
morillonitic clays. Tuffaceous material is present in sparse amounts in
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the Wasatch formation. Montmorillonite is much more common. Deposition
of the host sands of most major Wyoming sandstone uranium deposits is
roughly time equivalent to the eruption and deposition of the Absaroka
volcanic supergroup in northwest Wyoming (Smedes and Prostka, 1972).

The tremendous volume of volcanic material erupted there, could have sup-
plied all of northern Wyoming with abundant, uranium-rich tuffaceous sed-
iments. Volcanic activity was wide-spread in later Tertiary times as
well, as is evident in tuffaceous sediments of the 0Oligocene White River
-formation and Miocene Arikaree formation.. The rock units of Oligocene
and Miocene age are noted for the high uranium content in groundwater
issuing from them (Denson and others, 1956). The presence of the White
River formation, capping the Pumpkin Buttes, provides evidence that the
Powder River Basin was blanketed by, at least, Oligocene sediments.

Groundwater analyses have demonstrated that either granitic rocks -
or tuffaceous rocks could have provided enough uranium for all uranium
deposits discovered to date in.the Tertiary basins of Wyoming (Childers,
1974). It is probable that uranium was leached out of both tuffs and
arkosic sands; for deposits in close proximity to granitic uplifts, a
granitic source is also possible.

Paleoenvironment

Uranium deposits in the Pumpkin Buttes area occur only in fluvial
sandstones that are at least 198 m (650 ft) down from the top of the
Wasatch formation. The locations of ancient river valleys, which formed
these ''channel’' sands, were probably influenced by geologic structure in
the area.

The most favorable lithofacies for the known uranium deposits are
characterized by coarse fluvial facies which intergrade into finer var-
iegated facies (Webb, 1969). It is believed that aggrading streams
which deposited these sediments were probably part of a very large river
system (by Pleistocene and Holocene standards). Streams ranged in size
from .8 km (.5 mi) to as much as 8 km (5 mi) in width during normal
stages, and covered much larger areas during flood stages (Webb, 1969).
The massive sandstones deposited from these large rivers are typically
scoured with large, complex interchannel and intrachannel cut-and-fill
structures and large-scale cross stratification (fig. 8). While many
channel sands display discrete lenticular forms, other channel sands
" merged together to form large ''blanket'' sandstone units which can be
traced laterally for many kilometers.

Floodplain deposits developed laterally along the margins of the
main channel and lapped onto the valley sides. Lakes, temporary ponds,
and swamps developed on the floodplain and these are responsible for the
deposition of limestones, marlstones, mudstones, carbonaceous shales,
and lignites.
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A warm, temperate, and moderately humid climate must have prevailed
during the early Eocene, but the cllmate probably’ dxd fluctuate (Webb,
1969; Childers, 1974).

Vegetation was plentiful along the main ¢hannels, regardless of the
climatic period, and often plant fragments were buried during flood
stages. These organic-rich deposits, plus paludal overbank deposits, de-
composed- to produce chemically reduced sediment layers adjacent to and
interfingering with the oxygenated sediment of the main channel.

Comprehensive studies on sand-grain elongation, regularity, mean
size, and crossbedding directions of sandstones in the Wasatch Formation
in the Powder River Basin have provided information about the Eocene
sedimentation patterns and paleodrainage (Seeland, 1976). Figure 14
shows the paleogeography of the Powder River Baslh during the Eocene.

At that time, the ancestral Wind River flowed across what is now the Cas-
per Arch and became the major drainage of the Powder River Basin. An-
other major river system, with tributarles flowing out of the Black =
Hills, Hartville Uplift, and Laramie Range, flowed directly through the
Pumpkin Buttes area. It joined the ancestral Wind River at a site ap-
proximately 25 km (16 mi) southeast of Buffalo, Wyoming (Seeland, 1976).

Mineralogy

The host sands of the Wasatch formation show variation in mineral
composition, but are generally arkosic and cemented by calcite. Calcite
Is present in varying amounts up to 50%. Quartz, feldspar and lithic
fragments (including chert) make up approximately 40, 10, and 10 percent;
respectively, of the rock composition. Accessory minerals, carbonaceous
fragments, and voids make up the remainder of the rock.

Major accessory minerals in the sandstanes include the following: -
biotite, muscovite, pyrite, magnetite, marcasite, amphibole, pyroxene,
epidote, garnet, apatite, and chlorite. Minor accessory minerals in-
clude: =zircon, tourmaline, sphene, hypersthene, gypsum, and zeolite.
The assemblage of accessory minerals show that the sandstones are mostly
first-cycle sediments derived from Precamhrian plutonic and metamorphic
rocks with little volcanic input (Denson and Pipiringos, 1969).

Hundreds of uranium-bearing minerals are known. A systematic list-
ing of common uranium mineralogy may be found in Frondel (1958). Table
Il lists the major uranium minerals in the Pumpkin Buttes district aleng
with their chemical formulas. Of those minerals listed, the uranium van-
adates are the most common (Troyer and others, 1954; Sharp and others,
1964). These minerals usually occur as irregularly shaped aggregates
of microcrystals which typically coat sand grains, replace calcite, and
fill interstices. They also fill fractures in both calcite and detrital
minerals. Uranium mineralization is often associated with iron and man-
ganese oxides which have partially replaced calcite as a cementing agent.
Uranium minerals occur at the interface zone between the iron-manganese
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oxides and the calcite, replacing calcite, but not the iron-manganese
oxides (Troyer and others, 1954).

Pyrite marcasite, hematite, molybdenum (as jordisite) and selenium
(both native selenium and ferroselite) are associated with uranium min-
erals (Harshman, 1968b; Granger, 1966). These are all considered epige-
netic, and are related to the ore-forming process.

TABLE [

Major Uranium Minerals Present At Pumpkin Buttes

Mineral Name Chemical Formula
Uraninite . 'UOZ

Uranophane Ca(U02)2(5i03)(0H)2 + 5 °H,0
Coffinite u(s.oh)]'_x(OH)hx

Carnotite K2<U02)2(V0h)2 . 1-3 H20
Tyuyamunite ' Ca(UOZ)Z(VOI‘?2 - 5-8 H20
Metatyuyamunite Ca(U02)3(VOh)2 - 8-10 H,0
Liebigite Ca(UOz) (co:‘)3 -_1.0’“1'120A
Bayleyite . MgZ(UOZ)(C03)3 . 1§ H,0

Thin section and x-ray diffraction studies on selected samples col-
lected in the study area indicate that alteration color of the sandstones
in the Pumpkin Buttes uranium district is caused primarily by hematite
and goethlte, which Is derived, in part, from the alteration of magnetite.
The mode of occurrence of iron minerals in altered rocks (i.e. grain coat-
ings and cement) strongly influences the degree of coloration.

Geochemistry

The abundance of epigenetic calcite in the Wasatch formation, and
its apparent local control of much uranium deposition suggests that min-
eralizing solutions had a high carbonate and bicarbonate content (Sharp,
1964). Slightly alkaline, oxidizing, bicarbonate-sulfate groundwater,
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~similar to modern groundwaters in.the Powder River Basin, is thought to
have been the agent that transported uranium .in the fluviatile sand-
stones (Butler, 1969).

Hostetler and Garrels (1962) studied the thermodynamics of uran-
ium compounds dissolved in water. They concluded that uranium and va-
nadium could be transported as highly stable uranyl bicarbonate and
tricarbonate complexes. Uranium and vanadium would precipitate as a
result of reduction of hexavalent aqueous uranium species and tetra-
valent vanadium species. They constructed Eh=pH stability diagrams for
both the U-02-H20-C02 system and the U-V-K-0p-H20-C0p system at 250C
(77°F) which clearly showed how the presence of CO, causes both the
formation of stable uranyl complexes, and a significant increase in the
solubility of uraninite in natural waters. Carnotite stability was
more sensitive to changes in fonic activity than to changes in Eh or pH
(except for distinctly reducing conditions). Its precipitation was
controlled by the amounts of uranium, vanadium, and CO2 in solution,.

Langmuir and Applin (1977) and Langmuir (1978) updated the land-
mark studies by Hostetler and Garrels. Using the same free energy data
listed by Hostetler and Garrels (1962), Langmuir showed that uraninite
and coffinite solubility is about 8 to 10 orders of magnitude less than-
that indicated by Hostetler and Garrels. This suggests that for a giv-
en Eh and pH, these minerals can precipitate from groundwaters far more
dilute in uranium than previously assumed. The enlarged stability field
for uraninite is shown in figure 15. Langmuir and Applin_also stressed
the imzortance of different complexes for the uranyl (U022+) and uran-
ous (U:+) ions in natural waters. Their work showed that for pH values
less than 4.5, fluoride and sulfate complexes predominate and where
fluoride complexing occurs, uraninite solubility is greatly increased.
|f the uranyl phosphate complex is present, it dominates through the pH
range 4.5-7.5; if absent, uranyl carbonate complexes dominate this
range. The uranyl carbonate complex always dominates where pH values
are greater than 7.5.

Roll-Front Zonatiqn

A geochemical cell is a dynamic system in which oxygenated water
invades reduced, carbonaceous, pyrite-bearing sandstones resulting in
an interface (or solution front) at which ore bodies may form (Shockey
and others, 1968). As the oxidizing front advances, marked changes oc-
" cur in Eh, pH, mineralogy, chemistry and microrganisms. This results
in a systematic zonation across the ''roll-front' which can be used as
an exploration guide. |In general, there are three major zones: . the
unaltered zone, the ore zone, and the altered zone (also called the
barren interior). Rubin (1970) recognized six zones:. As one progress-
es from autside to inside the geochemical cell, there is an increase in
. Eh. pPH drops of? sharply as one progresses from the unaltered zone to
" the ore zone and rises again in the altered zone (DeNault, 1974). These
changes probably control much of the mineralogical and chemical varia-
tions across a roll-front.
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Bacteria, which might be present in the reducing and oxidizing en-
vironments, could offer further control over zonation (Rackley, 1972).
Bacteria of the genus Clostridium and of the genus Desulfovibrio thrive
in reducing environments. Clostridium is a fermentor of cellulose,

vllgnln, and other organlc material, and it produces €02, H2, and suc-
cinic acid (which is required by other bacteria). 'Desulfovibrio is
especially important because it also consumes organic material, inor-
~ganic sulfates, and products of Clostridium to- produce hydrogen sul-
fide (H2S). Bacteria of the genus Thiobacillus thrive in an oxidizing
environment.where sulfides are present. These bacteria use oxygen and
ferrous sulfate to oxidize pyrite, and produce sulfuric acid, ferric
sulfate, and iron hydroxldes They create an acidic environment which
is capable of 1eachug uranium and other susceptible elements (Rackley,

1972) .

Mineralogical, geochemical, and color changes across a roll-front
are shown graphically in figure 16. Geochemical zonation is also il-
lustrated by data from samples collected along transects over roll-
front deposits at the Pumpkin Buttes (Appendix B). Trace elements such
as U, V, Se, Mo, PZOS, and As are concentrated at the interface between
the oxidizing and reducing environments. Other soluble metals such as
copper or silver could also be concentrated in this zone by the geochem-
ical cell if they are present in the mineralizing solution. This would
essentially be a supergene enrichment process (Houston, 1978). Major
elements, such as Fe, Mn, and Al are present throughout the host rock,
but change oxidation states upon passage of the roll-front.

‘Mode of Emplacement

The favored theory for the emplacement of roll-front uranium de-
posits will vary from district to district. -Local geology, paleoenviron-
ment, and preferred source usually dictate the favored mode of emplace-
ment.

Rackley (1972) supports the geochemical cell concept that begins at

a point where oxygenated waters enter and react with a reduced sand-
stone. The cell expands to form a three-dimensional finite body. The
shape and size of the geochemical cell is controlled by shape and perm-
eability of the host sands, presence of fracture systems, hydrological
activity, and availability of carbon and pyrite. Biochemically con-
trolled reactions take place at the advancing edge of the cell, pro-
ducing changes in chemical conditions of the host rock. Uranium may be
leached from the arkosic sands, transported to the reducing zone by
~groundwater, and precipitate only to be taken into solution again as

the cell advances. Uranium is continuously enriched in the roll-front
as the geochemical cell expands.

Harshman (1970) studied the roll-front deposits in the Shirley Ba-

sin of Wyoming. He believed that both granitic rock from the surround-
ing mountains and volcanic ash, which once overlaid the basin, were the
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sources of the metals. Uranium was trénsported in an oxidizing, alka-
line solution and precipitated where hydrogen sulfide, and possible
other reductants, caused a drop in.Eh,

Adler and Sharp (1967) describe two prerequisites necessary for the
formation of ore rolls. One factor is the occurrence of a reduzate fa-
cies in fluviatile sandstones. This forms when pyrite and/or large
quantities of organic debris are buried in an oxygen-depleted environ-
ment below the water table. Low dip, low permeability, and other fac-
tors that inhibit the flow of water, would preserve the reducing capa-
city of this environment. Geologic activity or climatic change would
enable oxygenated water to invade the reduzate zone, causing chemical
reactions and alteration, such as oxidation of pyrite, oxidation and
destruction of organic material, and oxidation of any chemically sus-
ceptible material in the groundwater. The second factor is the pres-
ence of uranium in adequate amounts in the groundwater. The mineral
and chemical changes occurring in the sandstone can take place with or
without the presence of uranium. A uranium ore body will form only if
uraniferous waters penetrate or make contact with the chemical reduc-
tion zone.

Granger and Warren (1969) have proposed a process whereby the oxi-
dation of pyrite in the host rock produces a series of unstable sulfur
. species, such as sulfite. These sulfur species, along with hydrogen
sulfide, are active reducing agents capable of precipitating metals out
of groundwater. Some of the sulfur products may recombine with ferrous
iron at the roll-front to form the iron sulfide minerals associated
with the ores. An important aspect of Granger and Warren's (1969) work
is that they have demonstrated the formation of a well-defined reduc-
tion barrier in a biologically sterile environment.

Cheney and Jensen (1966), studied sulfur, carbon, and oxygen iso-
topes of samples from the Gas Hills uranium district in Wyoming. Sul-
fur isotope studies showed that pyrite cement associated with uranium
mineralization is isotopically similar to sulfides produced by anerobic
bacteria. Both have significantly lighter 6532 yalues than magmatic
hydrothermal sulfides. They suggest that the extremely light isotopic
composition on the leading edges of roll ore bodies is caused by oxida-
tion and re-reduction of previously formed biogenic sulfides. Further
" evidence of biogenic origin for the deposits was furnished by carbon
isotopes from the epigenetic calcite cement of the sandstones. §cl3
values were very light, similar to the 6C13 of calcite associated with
asphalt and coalified wood.

Hydrocarbons may also play an important role in localizing uranium
ore bodies. Natural gases seeping from pre-Tertiary rocks often con-
tain hydrogen-sulfide (HZS) -- a powerful reductant. In addition to
direct precipitation of uranium, natural gas may be responsible for the
formation of much of the widely distributed pyrite. When iron-bearing
groundwaters contact natural gas seeps, precipitation of disseminated
" iron sulfide can occur. Chemical analyses of samples around seeps in
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the Gas Hils of Wyoming, show that the flow of natural gas has raised the
carbon content of the surrounding soils, and that much of the localized
carbon has become fixed in the sandstones of the Eocene Wind River For-
mation (Grutt, 1957). ‘

The association of HyS-bearing oil and gas and uranium occurrences
is well-documented in the Coastal Plain of southeast Texas (Eargle and
Weeks, 1961). Grutt (1957) points out the close association of uranium
deposits and occurrences of oil and gas in the Gas Hills, Crook's Gap;
and Baggs mineral districts in Wyoming, and in the Maybell area of
northwestern Colorado. The recent extension of the Hartzog Draw oil-
field through the study area, and the presence of other major oilfields
to the northeast and southwest of the study area, suggests that an as-
sociation between hydrocarbons and uranium also exists in the Pumpkin
Buttes uranium district. |t should be noted, however, that while as-
sociations between uranium deposits and petroleum occurrences exist in
many districts, oil- and gas-producing beds have not been spatially re-
lated to uranium ore bodies, and an exact 1ink between the two has not
been proven.

Gruner (1956) proposed a process of multiple migration accretion
where uranium would be deposited and concentrated in a series of oxi-
dation-solution-migration-precipitation cycles. The earliest stage was
the extraction of uranyl ions from weathering tuffaceous or granitic
terrain (including detrital material weathered from the granite). Uran-
ium was carried in groundwater until it encountered a reductant (such
as organic matter, H2S, hydrocarbons, etc.) where it precipitated. This
first accumulation was low in uranium content, but extensive. A second
stage began when these precipitates were exposed, oxidized, redissolved,
and carried into a new carbonaceous environment for reduction. Each new
stage yielded higher concentrations. '

Though Gruner's hypothesis is a general one, it may readily be ap-
plied to all roll-front deposits regardless of variations in local ge-
ology, source of uranium, and reducing agent. Diversity of lithological
environment, climate, erosion rates, and periodicity of recurrence may'
be responsible for the observed differences in sandstone-type uranium
deposits.

Age of Deposits

There are two prevailing schools of thought concerning the age of
the uranium deposits: one has the deposits forming in middle Tertiary
time, and the other has deposits forming in late Tertiary-Quaternary
time.

Those that believe in an arkose source for uranium usually favor an
Eocene-early Oligocene (Chadron) age for the deposits. They site evi-
dence such as the paleoenvironment of an oxidized channel sand adjacent
to reduced over-bank deposits. Uranium-bearing groundwaters flowing
through such an environment would be able to leach, redistribute,
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precipitate, and concentrate the uranium as ore deposits, especially if
climatic fluctuations occurred. Conditions were more favorable for
_uranium transport in massive groundwater movement, with higher exlda--
tion potentials, and over a longer time period, durlng the Eocene and
‘early Oligocene than in any subsequent. epoch (Balley and Childers, 1977;
Childers, 1974). Deep burial of reduced uranium subsequently froze it
into place. No alteration complexes. have been found in post-Chadron
strata, and some roll-fronts were clearly developed before normal fault-
ing which occurred in mid-.to late-Tertiary time (Childers, 1974).

Those that favor a volcanic tuff source for uranium, believe the
age of uranium deposits is late Oligocene or later, when a sufficiently
large volume and widely distributed supply of volcanic ash was provided
(Langen and Kidwell, 1974). Widespread normal faulting, which occurred
in the late Tertlary (McGrew, 1971), could have furnished conduits for
downward transport of uranium by Oxygenated waters, thus enabling the
eventual concentration of uranium in Wasatch sandstones.

Results of radiometric dating techniques have been inconsistent.
Uraninite samples from the Blowout Angmatly deposit in the Pumpkin Buttes
area have been analyzed for Pb206,/y238 and pb207/y235 isotope ratios.

Age determinations range from 4.5 to 13 million years. Pb207/pp206

age determinations of the same samples have been less consistent with
one sampling yielding an age of 425 million years (Sharp and others,
1964). This anomalous age value probably indicates that older radio-
~genetic lead was carried to the roll front, and probably approaches that
of the source material of the host sands. Harshman (1968a) reports an
age of 10 to 15-million years for uranium samples from the Shirley Ba-
sin of Wyoming, based on total lead/uranlum ratios. Other age determina-
tions from the same area, based on both U234/y235 and Th230/p5231 ratios,
indicate a minimum age of more than 250,000 years (Dooley and others,
1964). Oxygen isotopic composition of epigenetic calcite associated
with uranium mlnergllzgtlon in the Gas Hills district of Wyoming show an
extremely light 018/016 ratio, similar to that derived from polar snow.
This indicates a Pleistocene age greater than 500,000 years (Cheney and
Jensen, 1966).

There are considerable possibilities for error in these age deter-
minations. Many samples used for.analyses have been taken from the
. surface or near surface where the deposits have been exposed to oxida-
tion and remobilization. The assumption must be made that all radio-
genic lead resulted from decay of uranium in the deposits. Sharp and
"others (1964) have shown that some lead was introduced with the uranium.
Daughter products of uranium could also have been introduced at the
“time of deposltlon, and certain daughters could have been preferentially
"leached since that time (Harshman, 1968b). |If processes of multiple
m|grat|on accretion were indeed active, then it is probable that ages of
uranium deposlts may vary from Eocene to Holocene, and we should expect
‘variability in age determinations.
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METHODS

Satellite and aircraft imagery of the Pumpkin Buttes study area were
analyzed using the University of Wyoming's video image analysis system.
Specific techniques were defined which. succeeded in enhancing known areas
of uranium-associated alteration. Results were compared to digitally
processed (VICAR) LANDSAT scenes provided by NASA/JPL.

A field program was conducted to confirm image interpretations and
to provide spectral, radiometric, and geochemical data. Field sampling
localities are shown in figure 3. Table Ill contains geographical and
physical descriptions of the sampled features. Descriptions of field
sample sites are contained in Appendix A.

Two sample grids (CH, CC) were set up over alteration zones which
appear anomalous oh enhanced Imagery (lly. 20); oune uf Lhese areas (CC)
contains a known uranium deposit. Three coarsely spaced sample tran-
sects crossed sandstone units (NJ, LB, IN). NJ covers an area which ap-
pears anomalous on enhanced imagery and contains a known uranium deposit.
LB crosses a mapped altered sandstone which does not appear anomalous on
enhanced imagery. |IN covers an unaltered area, north of the mineral dis-
trict, which does not appear anomalous on enhanced imagery. The follow-
ing data were taken at each sample site: radiometric and spectral photo-
metric measurements, percent vegetative cover, soil color (Munsell stand-
ard), surface slope and aspect, and soil pH. Soil samples were collected
at a depth of 15 cm (6 in) where effects of surface oxidation are less
pronounced. Geochemical analyses were performed on these samples.

Three closely spaced sample transects were set up across roll-front
deposits exposed in mine pits (PJ, MJ, UT). Radiometric measurements and
soil color determinations were made at each of these sites. Ruck saiples
were also collected for geochetical and mineraloglcal analyses.

Three traverses were made with JPL's portable field reflectance spec-
trometer (PFRS) (Goetz, et. al., 1975, Appendix D) across roll front de-
posits (SJ, BA, LR*). Samples of surface material were collected at each
spectrometer site for geochemical analyses.

Radiometric measurements, and rock and soil samples were also col-
lected at spot locations throughout the study area. Many ot these sam-
ples were submitted for geochemical analyses. A selected group were min-
eralogically analyzed using optical and X-ray techniques.

Geochemical, radiometric, color, and photometric data were treated
statistically to determine correlations between color, uranium concen-
trations, and geochemical variables.

o
w

Laur Mine Transect (LR) was located 11.3 km (7 mi) south of the study
area. ’
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"'[‘A'BLE 11T Sample Areas in the Pumpkin Buttes Study' Area

Description

sh

Nare Abrev. Location Type of Number of Spacing
Sample Sample Sites

Christensen CH E%, sec.20, Soil 44 100 m Distinctive "Finger” shaped alteration zone not associated
Grid T45N, R7SW with uranium deposit. ’ .
Colorado cc Swi, Stk, Soil 27 100 m Area inciudes Colorado Christensen Mine, durps, and
Christensen sec. 28, - : undisturbed area downstream from Mine. .
Grid T45N, RTSW
Lauby Transect LB SW4%, sec 27, Soil 14 100 m Altered sandstone area mapped by Sharp, et. al., (1964) but

T45N, R75W non-anomalous on video enhanced aerial photography.
North Jeannette NJ NE%, NEY%, Soil 5 100 m Undisturbed area north of Jeannette I Mine, underlain by
Transect sec 22, roll-front deposit.

T45N, R75W

" i 1. : Unaltered sandstone area north of mineral district used for
Innes Transect IN 252'2¥E" Seil 3 100 m control data. Area is unmapped by Sharp, et. al., (1364) and.
R is non-anomalous on video enhanced aerial photography.

T46N, R754 )
Jeannette I . Ry SEY%, NE%, Rock 13 -Irregular Samples from color zones in Jeannette I Pit.
Mine Transect .sec 22,

T45N, R5W
Mid-Jeannette MJ SE%, NE%,. Roclkc 3 4n Fine sampling of roll-front zones in wall of secondary
Transect sec 22, pit south of main Jeannette I Pit.

T45N, R75W
Ctan Mine uT SEY%, SWy, Rock 7 Irregular Samples from roll-front zones in south wall of trench near
Transect sec 27, Utah Mine.

T45N, R75W
Jeaxnette SJ SE%, NEY%, Rock 10 Irreqular Sample transect with PFRS, 4 m{(13 ft) south and parallel to
Spectrometer sec 22, PJ Transect. .
Transect T45N, R75W
Blowout BA' NWY%, SEY, Rock 10 Irregular Samples from roll-front zones with PFRS.
Anonmaly #114 se¢ 11, . .
Transect T45N, R74W
Laur Mine LR sWy%, sec 19, Rock 7 Irregular Samples from roll-front zones with PFRS. Transect is south
Traasect T43N, R744 ' of Study Area. ’
Spot Sample SL Throughout Rock 7 Irregular Samples of various lithologies from various strata within
Locations Study Area wWasatch and White River Formations. .



IMAGE PROCESSING

The video image analysis system has several attributes which make it
a very effective tool for.alteration mapping.. Input. to the system is
non-digital so that image data of many different types and formats may
be used. Scale-change capability allows matching and comparison of dif-
ferent types of image data. [Instantaneous display (!'real-time'" viewing)
allows on-the-spot corrections. and changes in enhancement procedure. A
number of different image processing functions can be performed (Levin-
son, Marrs, and Grantham, 1976). Processed scenes may be stored on a
video disc, or may be photographed for hardcopy output.

Several basic image processing functions were applied to the Pumpkin
Buttes imagery using the video image analysis system. These include:
1) scale adjustment, 2) color separation, 3) contrast stretch and bright=-
ness level adjustment, 4) image subtraction, 5) image ratioing, b) den-
sity contouring, and 7) compositing. :

Scale adjustment: The video scanner has a graduated, height adjust-
ment to provide a variable fleld-of-view. The scanner is also equipped
with a standard objective lens and a bellows-mounted close-up lens.
These make image analysis possible over wide range of scales and allow
registration of images having different scales.

Color separation: Each of the three emulsion layers on color films
is sensitive to a specific spectral band and records the intensity of re-
flected light in that particular wavelength band as a primary color. A
color separation filter can be placed between the video scanner and the
color film to allow only information from a partlcular (ilm layer Lo bLe
viewed (table IV). |In this way, color and color infrared films may be
separated into their component spectral bands for spectral analysis.

Contrast stretching and brightness level adjustment: Contrast
stretching is a procedure in which a selected brightness range (graylevel)
of the image is expanded or ''stretched'" to fill the dynamic range of the
display medium. Digital image processing systems accomplish this by con-
structing frequency histograms of image density numbers (DN). The peak.
of the histogram, corresponding to the feature of interest, is shifted
to the center of the output. graylevel range (brightness level adjust-
ment). Then it is expanded to 111 the entire Llack~and-white range of
the output medium (contrast stretch). This expansion may be either lin-
ear or non-linear. Contrast stretching and brightness level adjustment
are accomplished on the video system by simply selecting the mode (lin-
ear or logarithmic), then adjusting the gain and level controls to
achieve optimal contrast. More complex stretches can be approximated
by adjusting gain and level controls to overdrive or underdrive the sig-
nal, recording the resulting image, and playing it back at more neutral
gain and level settings. The process can be repeated through several
record/reproduce cycles if necessary.
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TABLE IV
_Spectra! Bands Derived from Color Separation of Color
" and Color. Infrared Films

Filter . Kodak Color Reversal' - Color Infrared

Color Filter Film (Kodak Reversal Film
Number Extrachrome MS (Kodak Aero-
Aerographic chrome Infrared
Film 2448) =% ~ Film 2&53)*
Blue No. 25 400-510 nm 500-580 nm
Green ~ No. 58 470-580 nm 560-675 nm
Red No. 478 560-680 nm 650-830 nm

- Compiled from Eastman Kodak Company (1971)

« Spectral range limits represent the 10% trahsmission threshold of the
filters.

Image Subtraction: Image subtraction is a normalization process
which enhances differences between scenes. |t is accomplished digitally
by subtracting the DN of a particular picture element (pixel) in one
spectral band from the DN of the same pixel in another spectral band.
This is done for every pixel in the image. On the video system, a band
subtraction is accomplished by mixing the negative transform signal of
one band with the positive signal of the other band. This process could
be represented by the following formula:

A-B=(m)(A) + (100 - m)( - B)

where A and B represent brightness values of the two scenes
and m is the mixing proportionality coefficient.

The mixing coefficient is completely variable, and can be set at any
proportion that yields the .optimal enhancement for a desired purpose.

. Due to the differences in brightness and contrast of the two original
scenes, a 50/50 mix rarely produces the optimal enhancement. The pres-
entation of image subtractions is usually improved with contrast stretch-
ing and brightness level adjustment.

Image Ratloing: The ratio is a normalization process which clus-

ters regions of like tonal value regardless of image brightness. It
effectively mutes the strong contrasts so that subtle spectral .contrasts
-.may be seen. It often removes differences caused by minor atmospheric
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effects or photographic defects. The ratio is accomplished digitally,
by dividing the DN of a particular pixel in a given spectral band by
the DN of the same pixel in a different spectral band. This division
is performed on a pixel-by-pixel basis over. the entire image. The vid-
eo ratio function is similar to the video subtraction function except
that both the positive and negative signals are stretched logarithmi-
cally. The formula for the video ratio is:

log(A/B) = (m)(log A) + (100 - m)(-log B)

Again, the mixing proportion (m) is a subjective factor based upon what
yields the most desirable enhancement. Like the subtraction, the ratio
is best presented with the contrast stretch and brightness level adjust-
ment. Since strong brightness contrasts are muted by ratioing, the
brightness distribution in the ratioed image is much narrower than that
of either original spectral band. A much greater contrast stretch is
usually necessary for optimum presentation of a ratio (Goetz and Bill-
ingsley, 1973).

Density Contouring: Density contouring enhances changes in graytone
of an image by presenting selected graytone ranges as contrasting col-
ors. It is accomplished by separating the image graylevels into density
intervals or ''density slices''. Density slices may be displayed in black,
in the original graytone, or in a color. The bandwidths of the density
slices are completely variable so that the most subtle density contrast
of an image may be defined and displayed (Levinson, Marrs, and Grantham,

1976) .

Compositing: Scenes may be combined in the video system in several
ways. They may be added together,

A+ B = (m)(A) + (100 - m) (B)
or they may be multiplied
log(A x B) = (m)(log A) + (100 - m) (log B)

Both these functions enhance contrasts that are similar to both spec-
tral bands. Because the human eye can discriminate many more hues than
graylevels, a color image can effectively display more information than
either a single black-and-white picture, or a set of three black-and-
white pictures from which a color composite is made (Goetz, et. al.,
1975). Some critical spectral contrasts only become distinct when spec-
tral bands or band combinations are presented as a color composite.
Color composite scenes are produced on the video system by displaying
each spectral band through a different color gun of the color monitor.
Each scene may be adjusted individually for contrast and brightness.

Any color combination may be used to produce a pleasing ''false-color'
presentation. The scenes are usually pre-registered and recorded on the
video disc; but one of the scenes may be ''live' from the scanner. In
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this way, a map or. other non-image overlay may be scaled and displayed
with images in a composite scene. This allows easy comparison of im-
ages and other data, such as geological maps, contoured geochemical
data, mine locations, etc. ' ‘
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. .-ANALYSIS OF LANDSAT DATA

The LANDSAT satellite system offers tremendous potential for analy-
sis and mapping of large altered areas associated with uranium deposits..
The LANDSAT satellites provide synoptic, sun-synchronous, repetitive,

"multispectral coverage from a stable platform. LANDSAT orbits at an
altitude of 918 km (570 mi), and produces small-scale imagery with nom-
inal ground spatial resolution of 79 m (259 ft).

Video image analysis of the study area involved processing of LAND-
SAT 18.8 cm (7.4 in) transparency sets of multispectral scanner (MSS)
data. A multi-seasonal approach was used in which five images, repre-
senting bimonthly observations during the snow-free seasons, were eval-
uated. The images are listed in table V.

TABLE V

LANDSAT imagery used for seasonal analysis

LANDSAT image number Date
]228-j725] March 8, 1973
1300-17245 May 19, 1973
1353-17183 July 11, 1973
1047-17182 » September 8, 1972
T461-17163 October 27, 1973

Each of the five images has relatively low contrast. Consequently,
contrast stretching was applied to enhance spectral differences between
features on the ground. Unfortunately, contrast stretching accentuated
scan-striping and image processing noise, as well as enhancing image
. detail. The scan-striping became a severe problem in close-up examina-
tion of the imagery.

Video functions were applied to each image data set. The following
functions were used: scale adjustment (enlarge study area to full screen
size), band registration and recording, contrast stretching and bright-
ness level adjustment, band subtractions, band ratioing, and color-
compositing. The presentation of known occurrences of altered sandstone
was evaluated with application of each video function.

0f all the possible band combinations, the 7/b4 ratio shows the
greatest potential for enhancement of areas of known alteration. The
L4/5 ratio is generally bland, but displays broad, indistinct anomalies
corresponding to altered ground. The 4/6 ratio has higher contrast than
the 4/5 ratio, and yields more detail. Altered zones appear as
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light-toned anomalies in these ratios, but their boundaries are gener-
ally indistinct. Many small alteration zones in the study area are
beyond the resolution capability of LANDSAT.

Though alteration is enhanced using ratios, contrast stretched
band color composite images provided better enhancement of known alter-
ation zones (fig. 17). Ratios have lower spatial resolution, than color
composites, because mutli-generation processing, which is necessary for
construction of ratios, reduces spatial resolution. Also, alteration
anomalies appear clearer and more pronounced in a color format rather
than a gray tone format.

The late October scene clearly gave the best enhancement of soil
color contrasts (fig. 17). The spring vegetation bloom produced a mot-
tled effect on spring images which masked important soil contrasts. The
mottling progressively decreased through the summer and fall as vegeta-
tion became senescent. Therefore, the latest fall imagery before snow-
cover provides the best enhancements of soil and rock anomalies.

An alteration map was constructed from a contrast-stretched, band
color composite of the LANDSAT scene acquired on October 27, 1973 (fig.
18). On this composite, band 4 was colored blue, band 5 was colored
green, and band 6 was colored red. Areas of altered sandstone appear
as pale-yellow anomalies (fig. 17). Anomalous areas corresponding to
areas of known alteration were mapped first; then, similar features
were mapped. Detail on the color enhancement was often poor, so mapped
anomalous areas were classified as distinct or indistinct. Because roll-
front uranium deposits are confined to sandstone units, this map (fig.
18), was compared to a geologic map of the area compiled by Sharp, et.
al. (1964). The two maps were brought to the same scale (1:62,500), and
were superimposed. A 320-dot grid was laid over both maps. All dots
superimposed on mapped sandstone or on distinct or indistinct anomalies
were counted. The results are shown in table VI. Of the areas mapped
as anomalous on the LANDSAT composite 52% corresponded to areas mapped
as sandstone by Sharp, et. al. (1964). Visual observation showed many
discrepencies between the two maps. The shapes of anomalous areas of
the LANDSAT map differ greatly from the shapes of sandstone occurrences
on the genlogical map. Often, color anomalies and mapped sandstone
units were offset. This is partially due to geometric distortions on
the LANDSAT enhancement. Many small areas of sandstone were not observed
nor mapped because they exceeded the resolution limit of the video pro-
cessed LANDSAT composite. These unmapped areas were usually less than
150 m (492 ft) across.

A regional analysis of occurrence of altered sandstone was conduct-
ed using enhanced LANDSAT imagery. A computer-enhanced LANDSAT image of
the southern Powder River Basin was used as a data base (LANDSAT image
#E-5 505-16264, September 5, 1976). Digital pre-processing of these
data was performed .at the EROS Data Center, Sioux Falls, S.D., and in-
cluded edge enhancement, contrast stretching, scan-stripe removal, and
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Figure 17.

LANDSAT false-color composite of study arca
from a late October scene. Band 4 is colored
blue, band 5 is colored green, and band 6 is
colored red. Large areas of altered sand-
stone appear as pale-yellow anomalies.
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geometric corrections. Video processing of this image included color

separation, additional contrast stretching and brightness level adjust-

ment, and construction of band color composites, ratios and ratio color &
composites. Contrasts on the color-separated bands and spectral con-

trasts between bands were quite low. Consequently, the color contrasts

on the final color composites were not adequate to consistently distingu-

ish altered sandstone on a regional scale. While the computer-enhanced

LANDSAT images have greatly increased spatial resolution over standard

LANDSAT images, the spectral resolution (a critical factor) appears to ®
be inferior.

Table VI
Comparison of the Alteration Map Interpreted from Enhanced LANDSAT
Imagery to a Geological Map F )
Map Dot % of
Counts Total Area*

Mapped sandstone on geological
map (Sharp, et. al., 1964) 50 16

Alteration Map (enhanced LANDSAT
Imagery, fig. 18)

®
Distinct Anomalies 13 4
Indistinct Anomalies 3 10
Total Anomalies L6 14
Areas Common to both the yeo=
logical map and the alteration
map 24 8
*Total area is covered by 320-dot grid.
A standard (noL computer enhanced) LANDSAT image data set (LANDSAT
image #2583-16584, August 27, 1976) was registered and input into the
video system for regional analysis of altered sandstone. The same video
processing techniques were used on these data, but with improved results.
The northeastern limit of red sandstone could clearly be delineated on
the contrast-stretched band color composite in which band 4 was colored °

blue, band 5 was colored green, and band 7 was colored red. On this
composite, the region of altered sandstone has a subtle yellow tint.

The boundary of this tinted area was mapped (fig. 1B), but does not cor-
relate well with the occurrence of altered sandstone mapped by Sharp

and Gibbons (1964) (fig. 1C). It is, however, a significant improvement
over regional alteration maps compiled previously by Houston, et. al.
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(1973) and Marrs, et. al., (1973) (fig. 1A) which were constructed
from unenhanced, bulk-processed LANDSAT imagery. It should be noted
that the interpretation of the regional alteration pattern from en-
hanced LANDSAT imagery may be more accurate than the map by Sharp and
Gibbons (1964). This is especially true in the study area where sub-
sequent detailed mapping of altered sandstones (using aerial photog-
raphy) has established the 1imit of altered sandstones.

An analysis of the study area was performed using digitally pro-
cessed (VICAR) LANDSAT data. Contrast stretched bands and ratios were
produced from these data (courtesy of NASA/JPL). Each individual band
and ratio was checked for anomalies corresponding to known alteration.
The 7/4 and 6/4 ratios appear very similar. Both provide reasonably
good enhancement of alteration throughout the study area. The 5/4
ratio provides adequate enhancement of alteration in the dissected,
sparsely vegetated uplands, to the west of North Butte, but it does
not reveal altered areas in the moderately vegetated, rolling divide
area east of North Butte. This indicates that vegetative cover ser-
iously reduces the effectiveness of the 5/k ratio. The 6/4 and 7/4
ratios are not seriously affected because they are not so strongly
influenced by vegetation.
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ANALYSES OF AIRCRAFT SENSOR DATA

Aerial photography and airborne scanner data provide greater reso-
Jution than LANDSAT data. Therefore, the aircraft data have greater
utility in establishing image analysis techniques where greater spatial
detail and multi-generation processing are required. Such is the use
for enhancement of small areas of altered sandstone associated with ura-
nium deposits.

A high-altitude (1:130,000-scale) color-infrared aerial photograph
(NASA Mission 72-138, Line C-D, Frame 4736, August 11, 1972) served as a
test scene to define the most effective video image processing tech-
niques. This frame covers the entire study area. However, vignetting
is so strong on this photograph that the color contrasts appear washed
out in the northern part of the study and too dark in the southern part
(fig. 19). Known uranium mines, uranium occurrences, radiation anoma-
lies, and altered sandstone outcrops in the diea have been mapped previ-
ously (Breckenridge, elL. al., 1974; Sharp, et. al., 1964) and many are
shown in figure 4. These features were located on the aerial photograph
and identified as control points in the subsequent analyses. Both open
pit mines and smaller surface scrapes appear as bright spots which are
devoid of vegetation. Reddish altered sandstone appears yellow on the
color-infrared photograph, but this coloration is subtle and is often
masked by vegetation, eolian cover, or the vignetting effect. Most ura-
nium occurrences and radiation anomalies are associated with altered
sandstone, and many are located in (or adjacent to) yellow areas on the
photograph. '

The aerial photograph was analyzed in the video system at three
scales to determine the optimal scale for uranium alteration mapping.
Small-scale regional analyses were performed first. A portion of the
scene encompassing the entire study area was input (19.3 km (12 mi)
across). Image processing functions included the following: color sep-
aration of the phutograph into component spectral bands (equivalent to
LANDSAT bands 4, 5, and 6), linear contrast stretch, logarithmic con-
trast stretch, brightness level adjustment, band addition, band subtrac-
tion, band ratioing, band color compositing, ratio color compositing,
and combinations of these functions. These processing functions were
applied to every possible band combination. Several ''generations' of
recording (enhance/record/reproduce cycles) were attempted in order to
achieve increased spectral contrasts. The enhancement of the control
points in the study area was evaluated with each processing function.
Density contouring was applied to several bands and hand romhinations,
but density contrasts due to vignetting were stronger than significant
density contrasts related to alteration.

This approach to image analysis clearly showed the advantages of
more complex image processing involving band computations and multi-
generation processing. The increased resolving power and lack of scan-
stripes enabled a far superior enhancement product to be produced. Ra-
tios proved superior to single contrast-stretched bands, band additions,
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band multiplications, and band subtractions. Ratios eliminated most
slope effects and also greatly reduced vignetting in the scene. Only
the 5/4, 6/4, and 6/5 ratios could be constructed from the color-sepa-
rated, color-infrared photograph. Of these, the 6/4 yielded the best
enhancement of known alteration areas.

The 5/4 ratio, which was used successfully by previous workers
(Rowen, et. al., 1974; Salmon and Vincent, 1974; Salmon and Pillars,
1975; Offield, et. al., 1977), produced only a bland product with very
little contrast. This may be due to the moderate vegetative cover which
occurs over most of the rolling divide terrain in the study area. At the
time of the air-photo mission (mid-August), most vegetation in the area
had dried and turned yellow. The senescent vegetation reflects almost
equal amounts of red and green light. Hence, there should be little dif-
ference between bands 5 and 4, and their ratio should produce a low con-
trast image.

Ratio color composites also produced good enhancement of altered
areas. In these composites, the 6/4 ratio was most influential in en-
hancing areas of known alteration. When second generation ratios were
incorporated into ratio composites, the contrast between altered and un-
altered areas became even stronger.

Vignetting was not completely removed from the image. Acceptable
enhancement of altered areas was obtained only in the central 50% of the
study area. While many known alteration zones appear anomalous, it is
uncertain that all anomalous areas correspond to uranium alteration. The
resolution of the enhanced imagery at this scale is too coarse to define
all anomalous areas, or to locate accurately their boundaries.

As a test of video analysis for medium-scale processing, a smaller
area in the central portion of the study area was enlarged to full screen
on the video system, corresponding to a ground distance across the video
screen ot 6.4 km (4 mi). 1Ilhe same suite of processing functions were
pertormed at the medium scale. Ihe results were very similar. Ihe 6/4
ratio provided the best enhancement of known altered areas, and ratio
color composites in which the 6/4 ratio was most influential, delivered
the best display of alteration (fig. 20). At this scale, it became clear
that altered sandstone outcrops often have a unique geomorphic expression.
The sandstones, being resistant to erosion, torm broad ridgetops. These
ridgetops usually have thin, immature soils and sparse vegetative cover.
Often, they are pockmarked with blowouts. The sparse vegetative cover
allows the soil to show through such that the ridgetops may appear ''pink"
regardless of whether they are formed from altered or unaltered sandstone.
lhis is because all soils tend to have slightly stronger reflectance in
the red band. Differentiation between altered and unaltered sandstone in
ridgetop areas was not possible at small-scale, but was possible at
medium-scale. Boundaries of alteration are clearly discernible at this
scale (fig. 20). In many cases these boundaries extend well below the
crest of the ridgetops, even into areas where vegetation is more dense.
The vignetting problem is greatly reduced when a smaller portion of the
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Figure 20.

Ratio color composite enhanced from a
color infrared aerial photograph at a
medium scale. -(5/4) is colored blue,
6/5 is colored green, and 6/4 is colared
red in this presentation. Altered sand-
stone appears reddish-orange.

59



photograph is analyzed. Ratios and ratio composites produce acceptable
enhancement of altered areas throughout 80% of the scene. Because of
the increased detail and reduced vignetting, video image processing at
this scale is satisfactory for alteration mapping.

Video analyses were also performed at large-scale to provide a de-
tailed evaluation of a single altered area. Horizontal distance across
the video screen at this large-scale represents 2 km (1.2 mi) on the
ground. The scene evaluated covered a distinct anomalous area whose
shape resembled a hand with an extended index finger. |t was designated
the Christensen Anomaly (CH) because it occurred on Christensen ranch
property. This area was later grid-sampled and subjected to chemical,
photometric, and radiometric analyses. The CH anomaly was mapped as
sandstone by Sharp, et. al. (1964), however, the shape of Sharp's mapped
area differs greatly from that of the CH anomaly as it appears on video
enhancements. No uranium occurrence or radioactive anomaly was known in
the CH area. The same enhancement processing functions used at the
small- and medium-sclaes, were employed at the large scale, yielding
identical results. Thus, the 6/4 ratio was confirmed as the optimal en-
hancement for uranium alteration on this particular photograph. The de-
tail obtainable at large scale enabled detection of changes in vegeta-
tion type and percent cover as well as changes in soil type. These ef-
fects produced a background '"noise' which could be reduced to a black
background through multi-generation contrast stretching and brightness
level adjustment (fig. 21A). Multi-generation processing also increased
the contrast between altered and unaltered areas, but a minor loss of
spatial resolution accompanies each successive generation of recording
(Levinson, Marrs, and Grantham, 1976) (fig. 21B). Ridgetops, blowouts,
and cutbank exposures were easily identified at the large scale. These
appear as areas of higher albedo and are distinctively different from
altered areas on ratio color composites (fig. 22B). Because the vignett-
ing effect was nearly eliminated at this scale an attempt was made to
test the density coutour function. A contrast stretched 6/4 ratio image
of the CH anomaly was divided into seven equi-density intervals and was
color coded (fig. 22A). This display successfully enhanced altered areas
which appear yellow. Blowouts, cutbank exposures, near-barren ridgetops
and other areas of high albedo appear green. Unaltered areas appear
brown and violet. Unfortunately, many small, unaltered areas also were
displayed as yellow features. These spurious features represent primar-
ily eroded Arvada series soils, entisols, some alluvial deposits, and
areas of sparse vegetation cover. These areas can clearly be differenti-
ated from altered areas on the contrast stretched 6/4 ratio and on ratio
color composites (fig. 21 and 22B).

Large-scale color infrared aerial photography was made available
through the U.S. Bureau of Land Management (BLM) who sponsored an aerial
photo mission over Campbell County, Wyoming during May and June, 1976.
This 1:33,500-scale photography offers significantly more detail than the
NASA Mission 72-138 photography. The entire study area was covered in
stereo on 23 frames. However, the color quality of the BLM photography
is poor. The color of each is dominated by a blue tone with green tones
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Figuré 2l

Video ratios of the Ch anomaly produced from a
color infrared aerial photograph at large scale.
A. Second generation 6/4 ratio. B. Third gen-
eration 6/4 ratio. Altered sandstone appears as
light graytones on thesec ratios.
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Figure 22.

Colured video ecnhancements of the Ch anomaly pro-
duced from a color infrared aerial photograph at a
large scale. A. Density contoured display of third
generation 6/4 ratio. Altered sandstone appears
yellow. B. Ratio color composite in which -(5/4)

is colored blue, -)6/4) is colored green, and -(6/5)
is colored red. Altered sandstone appears purple;
blowouts, bare ridgetops, and cutbank exposures
appear white.
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nearly absent and red tones only present in densely vegetated areas
(i.e. floodplains). Known areas of red sandstone which are readily
visible on unenhanced NASA photography could not be visually detected
on the BLM coverage due to the color imbalance.. Color separation fil-
ters were applied to selected frames on the video system in an attempt
to enhance the weaker spectral components. This proved unsuccessful
because 'the red and green colors were not adequately recorded on the
film. Further video processing seemed unlikely to yield positive re-
sults, so no further analyses.were performed. This. experience with BLM
photography shows that high quality photography is essential for spec-
tral analysis. '

Video processing was also performed on multlband photography (NASA
Mission 310, Line 6, Frames 159-160, June 2, 1975). The spectral bands
represented by these data are listed in table VIlI. These multiband
photos cover only the central 1/4 of the study area. Horizontal dis-
tance across the video screen for a single frame is 6 km (3.7 mi).

Many known alteration areas and several roll-front deposits occur on
this coverage. Unfortunately, this photography is not of sufficient
quality to accurately .record spectral contrasts. All bands were over-
exposed. and lacked color contrast. The color and color infrared pho-
tography was seriously deficient in red and infrared components. Color
separation and contrast stretching did not sufficiently enhance these
bands to make them useful for further video processing. However, the
blue band, which was color separated from the color photography (table
VIIl), was used in conjunction with the green, red, and near infrared
bands for multispectral analyses. A ratio composite in which 7'/6 was
displayed in blue, 7'/4 was displayed in green and 6/4 was displayed in
red produced the best enhancement of the area. On this enhancement,
areas of high vegetative density appear white. Alteration areas appear
as a reddish brown indicating that the 7'/4 and 6/4 ratios had a sig-
nificant influence on the enhancement. However, because each individ-
ual band was of very low contrast, the resulting ratios and ratio com-
posites also lacked contrast. Boundaries of altered areas are indis-
tinct. Contrast stretching and multi-generation processing improved
the enhancement of altered areas, but also increased the apparent
graininess and processing noise in the phatography.

Airborne multispectral scanner imagery covering @ portion of the
study area was made available for video analysis Etourtesy U.S. Geol.
Survey). The scanner system recorded in spectral regions equivalent to
each of the four LANDSAT bands, plus a blue band, and two thermal infra-
red bands. These data were acquired on September 9, 10, and 11, 1976,
from an altitude of 4,878 m (16,000 ft) above sea level. Thermal data
was acquired on a separate night and morning flights. The spectral bands
available from this scanner data are shown in tahle VI,

Intensive multispectral analyses were performed on these data. In-
dividual bands were contrast stretched and analyzed. All possible band
subtraction and ratio combinations were constructed. But of these, the
best enhancement was produced from the 7/bL ratio. The 6/4 also enhanced
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altered areas well. The 5/4 ratio was, again, a bland image and pro-

duced relatively poor results.

TABLE VI I

Spectral Bands Wavelengths _LANDSAT 'Equivalents

Green Band .5 - .6 um Band 4

Red Band .6 - .7 um Band 5

Near Infrared Band .. .7 - .8 um Band 6

Near Infrared Band .8 - .9 um Band 7' (Short wave-

- length portion of LAND-
SAT Rand 7)

Color Photography Abo- 07 um Color separation into
LANDSAT Bands 4 and 5,
plus a Blue Band

Color Infrared Photography .5 - .88 um Color Separation into

LANDSAT Bands 4, 5,
and 6.

*NASA Mission 310, Line 6, Frames 159, 160, June 2, 1975
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TABLE VIII

Spectral Bands Available on Airborne_Multispectral Scanner Coverage®

Spectral Bands __Wavelengths __LANDSAT Equivalents
Blue Band . , | fl A L4 - .5 um ------—-;-—---¥~j--
Green Band; .5 - .6 um Band 4 N
Red Band ' ~: .6 - .7 um Band 5
Near Infrared Band . .7 - .8 um Band 6
Near infrared Band 8 -1.1 um - Band 7»

Thermal Infrared Band - :
Low Resolution 7.5-12.5 um = ==-—=mmmememeee-- _——

Thermal tnfrared Band - : :
High Resolution 7.5-12.5 um e e

*Courtesy U.S. Geological Survey
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Processing of thermal data produced some very interesting enhance-
ments.” Quantitative temperature determinations were easily acquired by
calibrating the image densities " to the blackbody and graybody stripes
"provided on the film. Density contouring was then used to display tem-
peratures in a readily-interpretable form. Broad patterns became ap-
parent on the night thermal band and night/day. thermal ratio. These

"patterns followed the general outcrop of. channel sands, showing them as
sllghtly warmer areas (flg 23). The cause of these thermal patterns
is unknown, though it may be related to heat capacity, thermal inertia,
texture and permeability, soil moisture, soil type, or vegetation. Ra-
tios of standard spectral bands to the thermal band produced unusual
and interesting results which are difficult to interpret. Specific
.characteristics of materials in the thermal wavelengths are not well
defined. Interactions between emissive and reflective radiation are

..also poorly understood. Research on thermal inertia and on the inter-
‘actions of visible and thermal radiation at the surface of the earth is
currently underway at the U.S. Geological Survey (Miller and Watson,
1977), NASA/JPL (Kahle and olhers, 1977), and other institutions.
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Figure 23.

Night thermal/day thermal ratio of
airborne multispectral scanner bands.
Light tones, wich indicate warmer
areas, generally follow the outcrop
of channel sands.
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URANIUM ALTERATION MAP

In order to demonstrate the effectiveness of the video-enhanced re-
mote sensor data as an aid to uranium alteration mapping, a map of al-
tered sandstone in the Pumpkin Buttes study area was constructed from
aerial photography processed on the video system (plate 2). The NASA
Mission 72-138 photography was used as a data base for the alteration
map, because enhancements from that color infrared photography were su-
perior to all other types of available imagery in terms of spatial reso-
lution, spectral contrasts, and minimal image processing noise.

In order to minimize the vignetting effect and provide adequate de-
tail, the study area was analyzed in nine separate sections, each cover-
ing an area of 6.4 X 8 km (4 X 5 mi). Each section was analyzed in an
identical fashion. 1lhe processing and mapping procedure was as follows:

1. Set up for proper scale and location on photograph.
2. Color separate photograph inluv component spectral bands.

3. Construct band color composite. Each band is contrast
stretched individually to provide best presentation of
altered areas.

4. Map all anomalous areas. This stage of mapping accounts
for 80% of the alteration zones identified on the final
map.

5. Construct all ratio combinations (5/4, 6/4, and 6/5).

6. Map anomalous areas on contrast stretched 6/4 ratio (which
have not been mapped previously). This accounts for 18%
of the allered zones identified on the final map.

7. Construct ratio color composite and contrast stretch each
ratio individually to provide maximum enhancement of al-
tered areas.

8. Map additional anomalous arcas. This accuunls lor 2% of
the altered zones identified on the final map.
§
9. Photograph map both with and without band color composite
background.

10. Transfer video map to base map.

Anomalous areas corresponding to areas of known alteration were mapped
first; then anomalous areas which appeared similar to these were mapped.
Boundaries of anomalous areas were marked directly on the screen of the
color monitor. Photographs of each of the mapped quadrants were trans-
ferrfd to a 1:62,500-scale topographic base map (U.S. Geological Survey,
1959) .
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This alteration map (plate 2) was compared to the geologic map of
the Pumpkin Buttes area by Sharp, et. al., (1964). Sharp's map .is dif-
ficult to interpret because he only divided the Wasatch formation into
sandstone units, carbonaceous units, and undifferentiated fine-grained
sedimentary rocks. He identified sandstone units by their relative
- stratigraphic position, where possible. He did not designate sandstones
as altered or unaltered, but mapped sandstones only within the region of
red (altered) sandstone (Sharp and Gibbons, 1964)., Some sandstone out- -
crops such as-at the Innes transect site (IN), Chimney Hill, and other
areas north and east of the mineral district, were not mapped. Sharp
did show locations of major uranium occurrences. This aided in inter-
pretation of video enhancements. :

A 320-dot grid was superimposed on both the alteration map (plate
2) and Sharp's geological map (Sharp, et. al., 1964). Counts were made
of all dots corresponding to sandstone or altered areas for both maps:
Table IX shows the comparison of dot counts for the two maps. This com-
parison indicates that 60% of the areas mapped as sandstone by Sharp,
et. al. (196k) appéar altered on enhanced aerial photography. Of the
altered areas, 22% do not correspond to mapped sandstone.  There was
generally good agreement between the shape of alteration zones and sand-
stone areas on the two maps. |t should be emphasized that two different
(but related) parameters are compared in Table IX; Sharp, et. al. (1964)
mapped sandstone, while plate 2 shows uranium alteration. It is prob-
able that not all sandstone in the study area is altered, and that some
areas appearing altered do not correspond to sandstone. However, ‘it is
important to note that there is a strong correspondence between sandstone
units and altered ground

TABLE 1X

Comparison of.the Uranium Alteration Map Interpreted from
Enhanced Aerial Photography to a Geological Map

Map ‘Dot Counts o % of Total Area*

Mapped Sandstoné on : '
Geological Map 75 : : 23.4
(Sharp, et. al., 1964) ' T

Uranium Alteration Map
(Interpreted from video ~ 58 18]
enhanced color infrared :
photography, plate 2)

Areas Common to both the ‘ ,
Geological Map and the 45 4.1
Uranium Alteration Map -

*Total Area is covered by 320-dot grid.
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EVALUATION OF THE VIDEO IMAGE ANALYSIS SYSTEM

Video image analysis proved to be a fast and inexpensive tool for
image enhancement. Marrs and King (1978) provide cost estimates of video
image processing for several demonstration projects in which uranium re-
source areas were evaluated. They showed that video processing costs
range from 1/4 to 1/10 that of similar digital processing. Initial, op-
erating, and maintenance costs of the video system also are far less than
that of digital. systems which perform similar tasks. The flexibility of
processing functions, speed of operation, and ''real-time'" viewimg capa-
bility make video image processing extremely efficient as well as eco-
nomical.

The video system adapts to many types of image data and also func-
tions as a data storage device, Phntngraphy, multispectral scanner data,
thetuoyraphy, printed maps, and video enhancements were all stored vn the
video disc recorder, and recalled as needed during the course of image
analysis. The high spectral resolution of the video system (.02 D) (Lev-
inson, Marrs, and Grantham, 1976) .enables consistantly good reproduction
of these data.

The video image analysis system also serves as a mapping tool. New
data from each enhancement can be quickly added or compared to existing
information. Up to three images can be displayed simultaneously using
“the three primary colors. This enables a multitude of correlations and
presentations. Features of interest can be interpreted and mapped di-
rectly from the screen, or hardcopy output may be obtained by photograph-
ing the screen. Image distortions (due to screen curvature and lack of
convergence on edges) causes sore difficulty in transferring data to:base
maps. However, if only the central 80% of the screen is used, distor-
tion is minimal and information displayed on the screen can be trans-

ferred easily.

The major drawback to the video system is its loss of spatial reso-
lution. Use of image data, which was originally in digital format (i.e.
LANDSAT), restricts resolution of the data at the outset. Each cycle
through the video processor degrades spatial resolution 5% (Levinson,
Marrs, and Grantham, 1976). This becomes a major factor fur complex
image processing functions which require several ''generations of record-
ing'"'. When fine detail is essential in the processed product, this loss
of spatlal resolution may limit the number of enhancement options. Dig-
ital image analysis systems have a distinct advantage of being able to
maintain spatial resolution throughout the most complex image processing.
It should be mentioned, however, that many types of data used in this
study are not available in digital form. Digitization of these data
would be expensive, time-consuming, and the end product would still be
limited by the resolution of the original image.

The video system providés a great variety of processing functions.
“Among those used in ‘this study were: 1) scale adjustment, 2) color
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__separation, 3) contrast stretch and brightness level adjustment, 4) im-
age subtraction, 5) image ratioing, 6). density contouring, and 7) com-
positing. These functions enable complete spectral analyses to be per-
formed in a minimal amount of time. All possible spectral band combi-"
natiphs, and all proportions. of a particular band combination, may be
easily displayed and -analyzed.. The best combination of processed prod-
ucts can .then be identified and recorded. Image analysis requiring

" preprocessing, filtering, complex stretches, pattern recognition, stat-
istical analyses, or exact spatial resolution must be handled through
digital computer systems. However, many image enhancement techniques
may be developed and applied more quickly, and at a much lower cost,
‘'using video image processing. Once the optimum processing procedures
are defined through video processing, they may be applied via digital
computer systems for complex or precision image processing.

71



ANALYSIS OF FIELD SPECTRA

Spectral reflectance of surface :rocks, soils, and vegetation was -:-
measured in the field for both altered and unaltered areas. This was .
done to 1) establish an accurate spectral representation of surface. mate-
rials, 2) provide a direct link between remotely detected broad-scale
reflectivity and reflectivity of small samples collected for laboratory
analyses, 3) determine the spectral effects of absorption by chemical
compounds at the surface, and 4) establish a set -of 'spectral criteria.to
be used as guidelines for quantitative image processing.

Data were collected using the portable field reflectance spectrom=:
eter (PFRS) developed by NASA/JPL.. The PFRS has a wavelength sensitivity
range of 0.4 um to 2.5 um and a spectral resolution of. 0.02 to 0.04 '
(Goetz, et. al., 1975, Appendix D). It is sturdy, field-portable, self- .
contained, and opcrates over a wide ianye of temperatures. Spectral
curves are generated as a circularly variable, band=pass filter rotates
Lenieath & PbS detector. Data are recorded digitally on magnetic tape.
The optical head is mounted on & tripnd 1.3 m (4.3 ft) above the surface,
and the fteld ot view is approximately 200 cm? (31 in2) (Goetz, et. al.,
1975, Appendix D).

To generate a spectral curve, a measurement of the target surface
brightness is taken, followed immediately by a measurement of a reflec=
tance standard. Fiberfax, a ceramic wool, was used as a standard because
of its high, spectrally flat, broad-band reflectance. A contaminant-free
surface can be maintained on the fiberfrax by periodically peeling away
the upper layer and pressing the newly exposed surface flat. The target
and "standard" brightness values are ratioed to yield a normalized re-
flectance curve that is free of atmospheric variations.

Field reflectance data were cnllected in the Pumpkin Buttes, South-
ein Powder Basin, and Crook's Gap uranium districts In Wyoming. Areas of
altered and unaltered sandstones were selected in each mineral district.
A minimum of eight spectral curves were generated at each area. The
field of view for each measurement included soil and natural cover (low-
growing vegetation, dead vegetation, rocks, fecal material, etc.). Sep-
arate spectra, representative of larger vegetation (sagebrush, rabbit-
brush, greasewood, saltbrush), were also geinerated. Because remotely
sensed data integrate the combined effect of the exposed surface and
natural cover, it was necessary to include these materials in the field
spectra. Tests show that averaged spectral measurements made on the
ground are nearly identical to those made from a helicopter (Conel and
others, 1978). Vegetative ground cover was determined using a point-
intercept method, and estimates were made of percent exposed soil and
rock. All spectra in each area were averaged digitally with each cover
type weighted according the cover estimates. The result was represent-
ative spectral curves for both altered and unaltered ground in each min-
eral district. Standard deviations of the méan spectral curves were
.also computed. These curves are shown in figures 24, 25, and 26. |Indi-
vidual spectral curves collected within the Pumpkin Buttes study area
are given in Appendix D.
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These spectral curves show that. absorption bands characteristic of
ferric iron near .55 um.and .9 um (Hunt, et al., 1971) are present in
the spectra of altered areas. This suggests that ferric iron is a key
factor in discriminating (chemically)between altered and unaltered
ground. [t is also responsible for the characteristic. pink coloration
of altered sandstone. Ferric iron is found in the minerals hematite,
goethite, and limonite; all of which typically form under oxidizing con-
ditions as alteration or weathering products of lron bearing minerals
(magnetite, pyrite, marcasite, etc.).

An absorption band characteristic of ferrous (reduced) iron is pres-
ent at 1.1 um (Hunt, et. al., 1971). It occurs as a minor absorption
band which is most prevalent in the spectra of unaltered areas. This
indicates that unaltered areas contain more reduced iron than altered
areas. However, surface oxidation and spectral mixing of different sur=-
face materials has greatly diminished absorption in this band.

Other absorption bands observable in these curves include a clay
absorption band at 2.2 um. X-ray diffraction analysis has shown that
both illite and montmorillite are present as clays. A carbonate absorp-
tion band is present near 2.45 um. This is often due to calcite cement
in the sandstone. Substantial amounts of calcium carbonate in the soil
at some sites may also produce this absorption band.

Each of the four LANDSAT bands and band 7' of the Mission 310 mul-
tiband photography were identified on each of the mean spectral curves
(tables VII and VIIl). Mean spectral reflectance values for. each of
these bands were determined (fable X). These values were then manipu-
lated digitally to calculate band subtractions and band ratios for an
average altered and unaltered surface in each mineral district. Dif-
ferences between the altered and unaltered values were calculated to de-
termine what band computation could yield the greatest discrimination.
Results are summarized in table X.

Individual bands and band subtractions did not yield consistent
patterns ‘in any of the sampled mineral districts. Consistent differences
between altered and unaltered surfaces were obtained by ratioing. The
7/L4 ratio and the 6/4 ratio were most successful in differentiating
between altered and unaltered surfaces in the Pumpkin Buttes district.
The 7/4, 7'/4, and 6/4 ratios (in that order) proved most successful in
the Crook's Gap district., There were no consistently good discriminators
in the Southern Powder River Basin district. The most successful ratios
were the 5/4, 7/5, 7'/5, and 6/4 ratios (in that order). - However the dif-
ference values (unaltered - altered) in the Southern Powder Rlver Basin
district were less than half the difference values obtained in the other
two districts for the best discriminators. The lack of a good discrim-
inator in.the Southern Powder River Basin district may be-attributed to
the variable nature of the alteration and/or contrasting vegetative cover
there. Where good differentiation between altered and unaltered surfaces
is possible, the field spectral curves indicate that the 7/4 ratio is the
best discriminator. '

73



L7

MEAN AND STANDARD DEVIATION OF SPECTRAL REFLECTIVITY IN THE PUMPKIN BUTTES
URANIUM DISTRICT
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MEAN AND STANDARD DEVIATION OF SPECTRAL REFLECTIVITY IN THE CROOK'S GAP.
URANIUM DISTRICT :
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MEAN AND STANDARD DEVIATION OF SPEC'ITRAL REFLECTIVITY IN THE
SOUTHERN FOWDER RIVER BASIN URANIUM DISTRICT
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TABLE X Spectral Bands, Subtractions, and Ratios Derived
‘ from Field Spectra '

Pumpkin Buttes Southern Powder Crook's Gap

River Basin
Be Av®  [eee A.nya' pe A%%  eer Aeans B* Avn Uten A;Q'Q
4 18 25 7 4 15 16 1 4 17 20. 3
S 26 32 6 5 21 20 -1 5 24 26 2
6 31 37 6 6 26 . 26 0 6 29 29 0
77 32 @ 9 7 28 29 1 7 31 31 0
7 38 43 s 7 30 3 1 7 34 33 =«
5-4 . 8 7 -1 5-4 6 6 -2 5-4 7 6 -1
6-4 13 12 -1 6-4 11 10 -1 | 6-a 12 9 =3
6-5 S 5 0 6-5 5 6 1 6-S 5° 3 =2
7'-4 14 16 2 | 70-4 ;3A' 13 0 |7°-4 14 11 -3
7'-5 6 9 3 7°-5 7 :- 9 2 7'-5 7 .5 -2
7'-6 1 4 3 {77-6 2 3 1 7'-6 22 2 o
7-4 20 18 -2 7-4 15 15 o |"7-4 17 13 -4
7-5 12 11 -1 7-5 9 11 2 7-5 100 7 -3
7-6 7 6 -1 7-6 4 5 1

7-6 s 4 -1

5/4 1.44 1.28 -0.16 5/4 1.40 1.25 -0.15 | 5/4 1.41 1.36,-0.11
6/4 1.72 1.48 -0.24 6/4 1.73 1.63 -0.10 | 6/4 1.71 1.45 -0.26
6/5 1.19 1.16 -0.03 | 6/5 1,249 1.30 0.06 | 6/5 1.2} 1.12 -0.09
7°/4 1.78 1.64 -0.14 | 7°/4 1.87  1.81 -0.06 7'/4  1.82 1.55,-0.27,
7*/5 1.23 1.28 0.05 | 7'/5 °1.33 1.45 0.12 |7'/5 1.29 1.19 -0.10
7'/6 1.03 1.11 0.08 | 7°/6 1.08 1.12 -0.04 |7°/6  1.07 1.07 0.00
7/4 2.11 1.72 -0.39 7/4 2.00 1.94 -0.06 | 774 2.00 1.65 -0.35
7/5 1.46 1.34 0.12 | 7/5  1.43-1.55 0.12 7/5 1.42 1.27 -0.15

7/6 1.23 1.16 -0.07 7/6 1.15 1.19 0.04 /6 1.17 1.14 -0.03

B* Spectral Nand or Band Computation

A** Valucs From Spectra of Alternd Ground
Ut**+ Vvalues From Spectra of Unaltered Ground.
Q**** Difference, Unaltcred - Altered
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In order to complete a broader study of surface reflectivity as it
relates to specific zones of alteration, a simpler, less expensive method
of deriving spectral reflectivity was needed. A Science.and Mechanics
filter photometer (model A-3) was used to collect spectral data because -
of its light weight, sturdy construction, accurate response to light in-
tensity, and low cost. Raines and Lee (1975) have demonstrated the reli-
ability of this instrument for measuring broad-band spectral reflectance.
They determined the accuracy of the filter photometer and their procedure
to be 20% of the average band reflectance. Recent work by Kaminsky (1977) |
has shown that precise field measurement. of rock reflectance can be made L
using the Science and Mechanics photometer if field procedures are care-
fully standardized.

Photometric measurements were made at all soil sample sites. Filters
were selected to approximate the four LANDSAT MSS. bands plus a broad band
covering the visible and near-infrared range corresponding to the total
spectral region of color infrared films. Total reflectivity (no filters)
was also determined at each site. The exact spectral intervals sampled
and the tilters used are shown in Lable X1. Al) photometric measurements
were vertical-looking from a height of 50.8 c¢cm (20 in). The receptor an-
gle was 30° so the circular field-of-view encompassed a ground area of 582
cm? (90.2 in2). A reading of the surface target was taken in each of the
six spectral intervals sampled. These readings were followed immediately
" by readings of two calibration standards in each spectral interval. The
standards used were Kodak 18% and 90% reflectance graycards which were
calibrated to absolute reflectance (Mg0 standard) by the Beckman labora-
tory spectometer at U.S.G.S./Denver, Co. (Hunt, 1977). Several sets of
photometer readings (at least 3) were made at different instrument gain 4
levels. These readings were standardized to a uniform gain lcvel and av-
eraged to give a mean reflectance determination. The data calibration
and normalization procedure used to reduce the photometric measurements
is described by Kaminsky (1977). The method for collecting measurcments
differed from Kaminsky's work in that photometer readings were taken from
a constant height above the surface and the look-angle was vertical (Kam-
insky's readings were taken at oblique angles to the surface from varying
heights).

Field reflectance was measured at each site in the CH and CC sampling
areas to determine if altered and unaltered ground in these areas could be
spectrally differentiated using photometric data. Calibrated photometric
data for each of the bands were plotted on grids and contoured by reflec-
tivity. Contour maps of the CH and CC areas in the LANDSAT bands are
presented in Appendix C. These photometric ''pictures'" show great var-
iation from site to site and from band to band. In no case, do they pres-
ent a reflectance pattern similar to the enhancement of alteration pro-
vided by video processed aerial photography (compare Appendix € and fig. ®
21). Also, some photometric values appear ''contradictory' when compared
to spectral relationships recorded on LANDSAT. Certain grid sites were,
apparently, represented by ''bad" photometric data which caused contortion
of contours and lack of agreement between ground-based photometric reflec-
tance and video-enhanced imagery (especially the 6/k4 ratio). . ®
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TABLE XI Obptical Filters Jsed to:

LANDSAT Spectral
Interval

Limit Photometer

Filter Combinatioh
For Photometer

Seﬁsitivity

Spectral Region
of Filter Trans-

Effective Photo-
meter Spectral

mittance Above 10%| Interval
4 (Green) 500-600 nm Kodak 57 480-590 nm ~480-590 nm
Corning 3961 -660 nm :
5 (Red) 600-700 nm Kodak 26 595-1100 nm - 595-660 nm
’ Corning 3961 -660 nm
6 (Near IR) 700-800 nm Kodak 89B 700-1100 nm 700-880" nm
- Corning 4602 -880 nm ,
7 (Near IR) 800-1100 nn Kodak 87C 823-1100 nm © 823-1100nm
Corning 3966 no cut-off
CIR - - . | eeeemmeeeao Kodak 12 508 nm - 508-880 nm
Corning 4602 ~880 nm
Total | =e—m——iee—e None . | emcmmmo 400-950 nm
' (sensitivity .
of photo-

meter)



"'"Bad'' photometric data may have been caused by a number of factors.
These include: mechanical problems, insufficient field calibration data,
rapidly changing light conditions, and sampling of small areas which are
not characteristic of actual overall field conditions.

The latter factor represents a sampling problem and is far more im-
portant than instrumentation or calibration errors. Material. covering
the ground surface varies greatly in short distances. Because of the
photometer's small field-of-view, only an incomplete portion of the
ground cover (consisting of soil and living and dead herbaceous vegetation)
" could be sampled. Larger surface features (shrubby vegetation, tall
sedges and forbs, rock outcrops, etc.) could not be included. A greater
number of photometer measurements (both of surface targets and calibra-
tion graycards) taken at a much greater viewing height (3 m (10 ft))
might better represent the true reflectance at a given site. Raines
(1974) suggests that the number of measurements required to select the
best band(s) for the discrimination of two formations is between 150 and
300 measurements per band per formation. This is because rock band re=
flectances measured in situ, like the formations themselves, are highly
variable due to mineralogical, cementation, lithological, geomorphologi-
cal, moisture, surface cover, and color differences. Variation between
altered and unaltered sandstones are primarily due to mineralogical and
color differences and represent only a portion of the variation within
two formations. Therefore, a significantly smaller number of photometric
measurements per band may be required to produce reliable spectral values
necessary for discrimination between altered and unaltered sandstones.
Kaminsky (1977) demonstrates that the reflectance of standard color cards
(blue, green, red, and brown) show distinctive spectra when sampled indi-
vidually by filter photometer. However, combinations of colored cards
introduced spectral inhomogeneity and loss of distinguishing spectral dif-
ferences. This is analogous to the spectral mixing brought about under '
field conditions by combining the effects of varying soil conditions,
rock outcrops, slope and aspect effects, and diversity of vegetation type
and density.

Kaminsky (1977) could not correlate his rock reflectance measurements
to LANDSAT data because the photometer's spectral intervals could not be
precisely matched to the LANDSAT bands, and because exact calibration of
the LANDSAT MSS bands is not provided. Kaminsky (1977) also noted that
the photometer lacks sensitivity beyond 950 nm (.95 um). Because LANDSAT
band 7 extends out to 1,100 nm (1.1 um), he recommends that all data in
the photometer's spectral interval corresponding to band 7 be disregarded.

The same problems in correlating LANDSAT data to field reflectance
are present in this study (table XI). Similar problems occur when trying
to correlate photometric reflectance data to aerial photography. The
bands derived from color-separated, color infrared, aerial photography do
not precisely match the photometer's spectral intervals (compare table IV
and table XI). Also, precise calibration of the light-sensitive film
layers is not possible; variation in camera filters and film processing
assures this. ‘
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All these problems detract from the value of the Science and Mech-
anics - filter photometer as a tool to describe spectral changes in
the field. These results show that photometric data should be used with
caution. For this study, photometric reflectance measurements could.not

provide explanations of contrasts which the remote photpgraphic and .

scanner systems detect spectrally; nor could they provide a field-ori-
ented .discriminator between altered and unaltered ground.

In contrast, the PFRS spectrometer produces curves with a high
spectral resolutlon, and reflectance varies continuously with changing
wavelength (not in discrete, broad barids). Because of this, individual
spectral signatures of surface materials can be delineated. -Digital
averaging of several curves produces- a- composite curve in which spectral
characteristics of many features can be recognized, rather than a curve
composed of broad bands which have lost their ability for spectral dis-
crimination due to spectral mixing. Exact intervals corresponding to
the LANDSAT bands or color-separated aerial photography bands can be
isolated and the field reflectance of the bands can be determined. The
PFRS is subJect to errors in obtaining a ''representative' sample. In
order to minimize this, spectra were taken of all surface materials
covering the site. These curves were weighted according to percent
cover of each surface material and then digitally averaged to determine
and evaluate the degree of spectral mixing. A minimum of 8 curves were
averaged for each mean curve. Because these mean curves take into ac-
count all surface cover types. in a properly weighted fashion, and be-
cause the PFRS has a vertical look-angle (as do all remote sensor sys-
tems used in this study), the spectral curves should accurately record
surface reflectivity in a fashion similar to remote detectors. Dif-
ferences in the shape of the mean curves for altered and unaltered
ground represent real spectral distinctions between these two rock types.

" Precise correlation of the field spectra to LANDSAT data or aerial photog-

raphy is still not possible, because precise calibration of these image

.systems is not provided. However, the spectral curves do establish a

relative correlation between field-measured, surface spectral reflec~
tarnce and reflectivity recorded by remote detectors The PFRS is the

best tool available to accomplish . this task.
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CHEMICAL ANALYSES

Samples of soil.and rock collected in the field were. brought to the
University of Wyoming (UW) geochemistry laboratory for chemical analysis.
The particular chemical determinations. and the procedures used. are given
in table XII. Results of these analyses are given in Appendices B and C.
For the CH and CC sample grids, concentrations of elements and compounds
were plotted and contoured.

In order to check the UW analytical procedures and results, a dupli-
cate suite of sixty selected soil and rock samples were sent to the Ben-
dix Field Engineering Corp. geochemistry laboratory, Grand Junction, CO
for analysis. A comparison of Bendix and UW values shows that most re-
sults agree within the Bendix sensitivity range for. each analysis (table
XI11). Uranium analyses were an. exception. Because of different prepa-
ration methods, many of the values obtained by the two laboratories dif-

“fered substantially, though they were ol the same order of magnitude.
This is evident in table XIll. More samples were sent to the Bendix lab-
oratory for uranium analysls using sample preparation identical to that
of the UW laboratory. These values were similar to the UW values.

Many of the elements and compounds analyzed show a direct associa-
tion with each other. Some elements show an association with specific
roll front zones. Mobile Fe, total Fe, organic C, and Ti0 are consis-
tently related. All four show greater abundance in unaltered areas than
in altered areas. Total Mn, Ca, inorganic C, and total C were least abun-
dant in unaltered areas. U30g, Mo, and V showed distinctive highs over
uranium ore zones, and in some basal layers of sandstone units containing
ore bodies.

The IN transect was used as a control set from which to evaluate
geochemical values because it ruhns ac¢ross an unaltered sandstone unit
" several miles north of the mineral district. The values of most elements
analyzed from samples in the IN transect were of the same orders of mag-
nitude as values from transects within the mineral district (appendix B).
Most elements (especially total and mobile Fe) were somewhat more abun-
dant in the IN transect than in altered areas. Ca, and all C values were
influenced by a marlstone unit lying beneath the sandstone units in the
IN transect. Consequently, Ca and C values were unlike the values deter-
mined for the rest of the study area.

Results of chemical analyses for the grid sample areas were super-
imposed on video-processed aerial photography for comparison. Large-scale.
enhancements of the LU grid area were not useful becduse muosl ul Lhe saw-
ple sites had been disturbed by mining activity. These disturbances pro-
duced areas of high albedo and correspondingly low spectral contrasts on
the imagery. Samples from mine dumps contained unnatural chemical con-
centrations.
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TABLE XII Geochemical -Ana.lys.es‘

Element /Compound

Total C and Inor-
ganic C

. 83

Procedure Reference Precision
1. Total Fe Wet Chemical-Atomic Modification of + 0.05% of sample
. K . Absorption (AA) Shapiro and Bannock
: (1952, 1956, 1962)
2. Mobile Fe Sodium Dithionite - Aguilera and: + 0.01% of sample
. Citrite - Bicarbonate| Jacksen (1953,19%4)
Method - AA .
3. Total Mn Wet Chemical - AA Same as 1 40.0009% of sample
4. Mobile Mn Sodium Dithionite - Same as 2 +0.001% of sample
Citrate -Bicarbonate
Method - AA
5. Mg Wet Chemical - AA Same as 1 + 0.02% of sample
6. Ca Wet Chemical - AA Same as 1 + 0.1% of sample
7. U3O8 Fluorometric Centanni, Ross, + 5% of value
and DeSesa (1956)
8. Vv Wet Chemical - AA Same as 1 + 0.01% of sample
9. Acid Soluble Se Wet Chemical - AA Modification of + 20% of value
: Fernandez (1973)
10. Base Soluble Se Wet Chemical - AA Same as 9 + 20% of value
11. Total Se Wet Chemical - AA Same as 9 + 20% of value
12. M Wet Chemical - AA Same as 1 +0.001% of sample
" 13. Tioz Wet Chemical - AA Same as 1 "+ 0.02% of sample
14. P,0. Wet Chemical - - Modification of + 0.05% of sample
Spectrophotometric Riley (1958) .
15. A1,04 Wet Chemical - AA Same as 1 + 1% of sample
16. SlO2 Wet Chemical - Same as 1 + 2% of sample
Spectrophotometric ’
17, Inorganic C Wet Chemical - Modification of 4+ 0.01% of sample
Coulometric’ Jeffery (1970)
and Boniface and
Jenkins (1975)
18. Total C Wet Chemical - Same as 17 + 0.01% of sample
Coulometric
-19, Organic C Difference between Same as 17 + 0.01% of sample




TABLE XIII Comparison of Bendix and UW Geochemical Analyses

Lab Sample U308ppm - Mg Total Mm%y |- Total FeX Total C%
Bendix Na-1 9.0 0.1 0.04 L 1.79 .76
uw Unaltered Soil 8.2 0.10 0n.n4 1.87 . .70
Bendix - NJ-2 5.0 0.38 0.04 1.36 .95
uw Unaltered $oil 4.6 0.33 0.03 1.33 1.00
Pendix NJ-3 10.7 n.aa " n.n7 1.24 1.57
W Ore 3one CGoil 2.1 0.:40 ) 0.06 1.28 1.40
Bendix NJ-4 4.7 0.47 " 0.18 ' 1.73 6.69
UW Altered Soil 3.8 0.50 0.16 1.78 3.50
Bendix | NJ-S 4.0 0.53 0.05 1.95 1.04
UW Unaltered Soil 2.9 0.50 0.05 2.00 1.00
Bendix MI-1 4.0 0.59 0.02 1.20 0.32
UW Unaltered SS 2.4 © 0.60 1.50 1.35 0.29
Bendix MJ-2 9.0 0.43 0.14 1.30 .| 2.07
uw Ore Zone SS 8.2 0.49 0.08 1.25 1.10
Bendix MI-3 5.0 0.39 0.23 1.00 3.40
uW Altered SS 3.1 0.42 0.33 1.01 3.90
Bendix © CH-S1 3.0 0.53 0.04 1.83 0.86,
Uw Unaltered Soil 0.8 0.52 0.04 1.65 1.10
Bendix CH-52 4.0 0.51 © 0.04 1.45 | o.88
UW Unaltered Eoil 242 0.52 0.06 1.41 1.40
Bendix CH-53 3.0 0.50 0.03 1.68 0.80
uw Altered Soil 0.7 0.53 0.03 1.66 1.10
bendix c1-54 3.0 0.47 0.04 1.37 0.52
Uw Altered Soil 1.3 0.43 0.01 1.19 0.90
Bendix CH-55 1.0 0.54 0.04 1.87 0.60
UW Unaltered Soil 0.6 0.61 0.04 1.97 1.00
, .

Analysis for Mo, V, and Se were also performed at both labnratories. An -
unfair corparvison of valins for these trare alamonte wild rogult due to
different sarple prepasrations.

84



Comparison of chemlcal dlstrtbutlons and lmage patterns was favor-
able on ‘the CH grnd because . there was. no sugnlfscant ‘man-caused alter-. ..
ation of the site (at the time of the. sampling) In. this, area, distrib-.
ution of total Fe _and (to a. lesser extent) mobile Fe, show a good visual
correlatlon to patterns correspondlng to altered sandstone interpreted
from the 6/# image ratio (compare Appendix B to figure 21). No other
elements or compounds show positive correlatlons to these image patterns
This indicates that, of all the elements and compounds analyzed, iron,
especially total Fe, has the greatest .influence .on the ability to dis-
criminate between altered and’ unaltered areas on multispectral imagery..
This confirms that iron compounds’ (oxides). are largely responsible for
the observed coloration of altered sandstones. However, the relationship
is one in which altered (red) areas have lower concentrations of total
iron while unaltered (buff) have hlgher concentrations.

It seems unusual, at first, that alteration zones can be chemically
distinguished from unaltered areas by their lower concentration of total
iron, when it is iron oxide that produces anomalies which enable altered
areas to be detected visually and with multispectral sensors. This seem-
ingly inverse relationship can be explained by considering alteration '
zones as part of the '"‘barren interior' of a roll-front deposit. Iron is
originally present throughout the host sandstone, commonly occurring in
reduced or ferrous states as pyrite and magnetite. A redox change oc-
curs as a roll front moves through the sandstone. Reduced iron dissolves
into the groundwater and is mobilized as the pH decreases and Eh increases.
Some iron is carried away in solution. Upon passage of the roll front,
the pH rises, causing the remaining iron to be deposited as an oxide coat-
ing on sand grains. Ilron may first be redeposited as the hydrous miner-
als limonite and goethite. With passage of time, the minerals may de-
hydrate, to hematite (Berner, 1969).

Mobile iron may be greatly affected by local permeabillity changes
in the sandstone and surrounding sediments. Accumulations of organic
material in the sandstone may create local zones of reduction which
cause pyrite to be re-deposited. Some mobile iron may migrate out of
the system through fractures. The hematite, pyrite, and ironstone con-
centrations, which are found throughout the study area, may account for
much of the iron that is not re-deposited as a coating on sand grains.

The iron oxides have a strong spectral absorption band at .55 uUm
(550 nm) (Hunt, et. al., 1971). Thils is in the visible-green portion of
the electromagnetic spectrum. Because green light is absorbed, iron
oxides (especially hematite) have an orange-red color, which is some-
times quite subtle, but may be detected on color and color infrared
films, and by multispectral scanner systems. |ron oxides also have an
absorption band at .9 ¥m (900 nm) ~(Hunt, et. al., 1971). This is in the
near-infrared portion of the electromagnetic spectrum, beyond the sensi-
tivity range of photographic films, ‘and can only be detected by scanner
systems which sense this spectral region (e.g. LANDSAT). Reduced (fer-
rous) iron has an absorption band at 1.1 um (1100 nm) (Hunt, et. al.,
1971). This is also in the near-infrared spectral region, at the upper
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boundary of detectability for LANDSAT (table XI). Because the end point
of LANDSAT's band 7 is at 1.1 um, and because band 7 is a broad band,
reduced ifon is not distinguishable by LANDSAT. Also, surface oxidation
of ferrous iron may diminish or destroy. this absorption to the extent

that a scanner which might ordinarlly sense absorption in the 1.1 um
region may not be able to detect reduced iron. Thus, the currently avail-
able systems cannot ''see'' reduced iron in unaltered areas. They can, how-
ever, detect altered areas (containing oxidized iron).

In review, a redox change, associated with passage of a roll front,
causes a change in the iron mineral species. . Some iron is redistributed
or removed from the system while in the mobile state. This causes altered
rocks to have slightly lower total Fe concentrations, but higher "visibil-
ity'' due to iron oxide grain coatings.
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DETECTABILITY OF IRON dXIDE

An experiment was performed to determine.quantatively the minimum
concentration of iron oxide necessary to be detécted spectrally. Pow-
dered iron oxide (Fep03) and Mg0. (a white powder used for spectral. cali-
bration) were combined in different proportions and thoroughly mixed in
.a laboratory ball mill  to produce mixtures with different concentrations
of Fe203. Mixtures varled by even orders of magnitude from pure Fe20
to 0.1 ppm Fe203 (table XIV). Pure Mg0.was used as a standard. Each
mixture was split, and half of the powder was pulverized in a shatter-
box. The shattered powder was labeled. ''fine''; unshattered powder was
labeled ''coarse''. Both fine and coarse mixtures of each concentration
were.pressed into 2.5 cm (1 in) pellets using a 16-ton hydraulic press.

TABLE XIV Mixes-and Concentrations of Fe03 in Pellets.

Fe203 : Mg0 Concentration of Fe,0

3
g +  10g > 100,000 ppm
Ao;ig;' + 10g ‘_ - I0,0QO pp@»(Mix A)
lg Mix A + 10g > 1,000 ppm
0.1g Mix A+ - 10g- - 100 ppm
Ov.Olg‘.Mix‘A~ + log > 10 ppm (Mix B)
lg Mix B+~ 10g o 1 ppm
0.lg'Mix B+ ;iOQA > . 0.1 ppm

X-ray fluorescence analysis of the pellets was performed. Only the
‘finely ground pellets produced a surface suitable for x=ray analysis.
Results of the analysis are shown in figure 27. Progressive decrease in
x-rdy counts occurs as the concentration of Fe203 decreases. However,
the curve in figure 27 levels out at 100 ppm. This indicates that, using
available equipment, iron oxide cannot be detected by x-ray fluorescence
in concentrations less than 100 ppm.

Visual examinations of both coarse ‘and. fine.pellets shows that the
fine pellets have a dark, shiny surface, whereas the coarse pellets are
light-toned and dull. The effect of the press on the finer powder pro-
duces the shiny surface. The darker tone of the fine pellets is probably.
due to the greater surface area of the finer powder (see page 14). The
characteristic red color of iron oxide diminishes as concentration of
Fe03 decreases (fig. 28). The 100 ppm pellet has a faint pink color,

but all pellets with lower concentrations of Fe,03 appear white. Thus,
the visual limit of detectability of Fe203 is also about 100 ppm,
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Spectral analysis was first performed on the pellets using the Sci-
ence and Mechanics filter photometer. It was.anticipated that with total
control of the target, ideal atmospheric conditions, and careful calibra-
tion and operating procedure,.the'filterlphotometer could be used suc-
cessfully to determine the spectral reflectance of. the pellets under nat-
ural sunlight. The calibration and. operating procedures used are de- .
scribed by Kaminsky (1977). Measurements were made in approximate LANDSAT
bands 4, 5, and 6, and with no filters (table XI). Determinations were
not made in LANDSAT band. 7 spectral region,. as recommended by Kaminsky
(1977).- Photometric determinations of reflectivity for both coarse and
fine pellets are given in figure 29. These curves show that reflectivity
increases as the concentration of Fe203 decreases. The curves, once
again, level off starting at 100 ppm. Because reflectivity was measured
in broad spectral bands, individual absorption bands for ferric iron can-
not be recognized. Consequently, the curves for bands 4 and 5 are similar.
Measurements from coarse pellets are probably most reliable because the
shiny surface of the fine pellets produces a specular reflective compo-
nent which is difficult to measure accurately. Every effort was made to
avoid the specularly reflected light while taking photometric measure-
ments.

The coarse pellets and samples of the original powder mixture were
subsequently sent to the U.S.G.S. in Denver, CO, to be analyzed on the
Beckman laboratory spectrometer. This spectrometer produces curves sim-
ilar to J.P.L.'s PFRS, however, the field-of-view is 2.5 cm (1 in) square,
and measurements are ratioed to a smoked Mg0 standard rather than fiber-
frax. The spectrometer curves are given in figures 30 and 31. The water
absorption bands at }.4 um and 1.9 um are readily visible. Also apparent
are the ferric iron absorption bands at .55 um and .9 um. Increasing con-
centrations of Fey03 show increasing absorption (decreasing reflectivity)
in these bands. This clearly demonstrates how responsive the ferric iron
absorption bands are to varying concentrations of Fe203. Due to instru-
mental problems, the spectra in figures 30 and 31 are offset at .75 um,
which is the instrumental change-over point from the visible to the near-
infrared. The curve values are correct from .75 um to 2.5 um. However,
from .4 um to .75 um, the absolute positions of the curves are incorrect,
though the relative positions are accurate and reveal the iron absorption.
The original, unpressed powder mixtures produce less noisy spectra than
do the pellets. The spectra for pure Fe203 (both pellet and powder) do
not contain water absorption bands. This indicates that the Fe203 rea-
gent is pure, whereas the Mg0 reagent may contain some hydroxide. Mg0 is
certainly more hygroscopic than Fe203. The 100 ppm samples display a.
minor absorption band at .55 um, but lower concentrations of Fez03 do not
display this iron absorption. The 0.9 um spectral region appears to be
more sensitive to iron absorption because even the 10 ppm samples display
a very faint iron absorption in the 0.9 region. A sensor system which
is sensitive from 0.85 un to 0.9 um (in addition to other bands) could be
more useful for identifying iron oxides than the present LANDSAT system.
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The purpose of the iron oxide experiment.was to .determine-the limit
of detectability for iron oxide. X-ray.fluorescence, visual examination,
and photometric.analyses.all indicate that this limit is at.an approxi-
mate concentration of 100 ppm for pure iron oxide. Spectrometer analysis
shows that, in the 0.9 um absorption band, this limit may extend to 10
ppm. As iron content increases. it becomes.more spectrally distinct. The
average total iron concentration in altered soil samples collected at
Pumpkin Buttes is on the order 10,000.ppm. This is sufficiently high to
produce a distinctive spectral signature. However, due to spectral mix-

_ing of all surface materials in an area, the effect of iron absorption
bands is often muted or obliterated,.
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RADIOMETRIC SAMPLING

Radiometric data were collected at each sample site using a Mount
Sopris portable scintillation counter (Model SC-131A) provided through
. the courtesy of Bendix Field Engineering Corp. Scintillometer measure- .
ments were made primarily for reconnaissance purposes. Measurements
were taken of both high- and low-energy radiation. Counts of high-
energy radiation were made using a lead filter over the sodium {odide"
detector. From these data, equivalent uranium (eU) values were calcu-
lated according to the formula:

= K (ACPS)
where el = equivaient uranium in parts per million.
_ACPS ='d|fference in counts per second between: measu?ements
taken with and without the lead filter.
K = Constant; a scalé factor relating the two energy levels

sampled. Previous calibration tests by Bendix Field
. Engineering Corp. determined, that for this instrument,
K=0.450.

The eU values obtained with this calculation were used as a check
for geochemical determinations of U and V. The eU values compare favor-
ably ‘with geochemical values for U and V, but are consistantly higher
than the geochemically determined U values by a factor of 3-4. This.is
attributed to the fact that uranium, thorium, and their daughter products
all emit radiation which is detected by the scintillation counter. The
geochemical analysis was for uranium only. :

Radiometric measurements were also used for identifying uranium
concentrations in the field. The contacts of lithologic units and all
abrupt soil-color changes were radiometrically checked for uranium.
Because of erosion, the majJority of altered areas at Pumpkin Buttes are
discontinuous (plate 2), and are not directly related to roll front..
deposits. Occasionally, the base of some altered sandstones produced
radiometric highs indicating proximity to a roll front. Several previ-
ously unmapped uranium concentrations were located in this manner.
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ANALYSIS OF* MINERALOGY

Thin sections.and x-ray diffraction patterns of twenty-two surface
samples from the Pumpkin Buttes area were examined in an attempt to de-
termine the mineralogical nature of. red-colored alteration detected on
LANDSAT and aerial photography.. The thin sections were made from rock
samples collected from roll-front zonhes.in the Jeannette and-Colorado
Christensen mines as.well as from spot locations in.the study area. Six
samples were from the White River Formation, and sixteen samples were '
from the Wasatch Formation.

The thin sections were examined under transmitted light with a po-
larizing petrographic microscope. An external light source was used to
help identify iron sulfide minerals, magnetite-ilmenite minerals, hema-
tite, and goethite by their reflective behavior. Limonite was considered
as part of the goethlte class becausec the reflective hehavior of limonite
is optically similar to that of goethite. The percent abundance of the
major minerals was derived by averaging approximately ten visual esti-
mates. X-ray dlfflraclion patterns for each sample were obtained by
standard x-ray diffraction procedures. Thin section des¢riptlions and
estimates of abundance of various minerals derived from x-ray diffraction
are given in Appendix E. A summary table of mineral abundance in the 22
samples is given in table Xxv.

The samples of White .River Formation contain an average of 4] per-
cent quartz, 21 percent feldspar, 18 percent cristobalite, and 11% lithic
fragments. Voids and accessory minerals made up the remainder of these
rocks. Grains are generally angular to sub-angular and less than 2 mm
(0.1 in.) in size. Thin sections from the Wasatch average 40 percent
quartz, 5 percent feldspar, 31 percent calcite, 14 percent lithic frag-
ments, and | percent mica. The remainder of these rocks is made up of
voids, accessory minerals and secondary minerals. .

The red and yellow colors of altered samples are caused by hematite
and goethlite. These minerals are derived principally from the alteration
of magnetite and pyrite. Figure 32 shows magnetite partially altered to
hematite in both altered and unaltered sandstone in the Wasatch Forma-
tion. Buff-colored samples contaln noticeably less hematite and goethite,
The mode of occurrence of iron minerals strongly influences the color. of

"the samples. In buff-colored samples iron oxide minerals are concentrat-
ed in localized areas, su they do not strongly color the rocks, In red
or yellow sandstone, iron minerals are dispersed throughout the rocks as
grain coatings or stain in cement. This causes altered rocks to be
strongly colored.
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TABLE XV. Mineralogical Composition of Selected Rock‘Samplés

Sample : Cal- - Christo-
# Location Formation Description <cite balite Quartz
1 North Butte White River Unalt. ss. &V 13 421
2 North Butte  White River Alt.(?) ss. 0 19! 45!
3 North Butte  White River Alt. ss. 0 21) 39!
L North Butte  White River Unalt. ss. 0 35! 39!
5 North Butte  White River Alt. ss. 0 351 39!
6 Bad Lands Rdg. Wasatch Marlistone 50! 0 50!
7 Chimney Hills Wasatch Marlstone 60! 7 71
8 Chimney Hills Wasatch Unalt. ss. 48! 0 31]
9 Col. Ch. Mine Wasatch Unalt. ss. 33! 0 54!
10 Col. Ch. Mine - 1 1
Grid 33 Wasatch Alt. ss. Lo 0 29
11 Col. Ch. Mine . .
Grid 54 Wasatch Alt. ss. 361 0 331
12 Col. Ch. Mine 1
. Grid. 24 Wasatch Alt. ss 34 21 35!
13 Powder River ! 1
Breaks Wasatch Alt. ss. 27 0 Iy
14 Hill West of i
CC Grid Wasatch Alt. ss. 7. 7 ?]
15 Mid Jeanette Wasatch Unalt. ss. £ 0 57
16 Mid Jeanette Wasatch Unalt. ss. (ore) 16: 0 5]:
17 Mid Jeanette Wasatch 32 0 4
18 West Jeanette 1 1
Monument Pk Wasatch 34 0 35
19 West Blowout i 1
Anomaly Wasatch Unalt. ss. 50] 0 22]
20 Black.Butte White River Alt. ss. ? 0 39
21 North Butte Pyrite cemented 1
Amphithcatre Wasatch sandstone 0 0 37
SL105-2 Blowout 1
Anomaly Wasatch Roll Front 0 0 Ly

]Detected by x-ray diffraction

2Biotite and/or muscovite detected as illite by x-ray diffraction
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. TABLE XV. Continued

Thior- Pyrox- 'Ahphi-

Feld- Lithic Bio-2 Musco-
spar Frag-  tite vite? ite ene bole '~ Garnet: Epidote
ments : .

I 12} 2 0 ] 0 0 <l 0 0
2 3l 3 0 <l 0 0 << 0 <l
3 24} 6 <« <l <l 0 < 0 <]
L 4 22 <1 <1! 0 0 0 0 <
5 4l 22 <1 <! 0 0 0 0 <l
6 0 <l <l <l 0 0 0 0 0
7 7! ? 71 7! ? ? ? ? ?
8 9l 12 <1V« <l 0 0 0 &1
9 1, <l 3! <! <l 0 & 0 <«
10 14 8 11 <i! <l L) 0 0 <1
¥ 4} 16 2 | 21 . <l 0 <l <l
12 3 22 <l <1 0 <l < 0 Z
13- 21 22 <! 3L <l 0 3 <1 &
14 2 7 ? ? 7 ? ? ? 7.
15 8l 10 31 <! ] 0 <! 0 <l
16 2] 22 2: <|: 2 0 <! < 0
17 5, 15 1 <1 <1 0 < &1
18 3] 18 2 <1 <1 £ 0 0 <1
19 8 7 2! <! < 0 <1 0
20 23 2 <l 0 0 0 < <1 0
21 2! 6 I <l <l 0 0 0 &)
sL-

105 6 27 <l <l <] &) 0 &L <!
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TABLE XV. Continued
Magnetite "Hematite
# Ilmenite Pyrite Goethite Clay Zeolite Void Remarks
1 7 0 i 0 5 0 Black opaque material,
possibly petroleum, forms
cement locally.
2 3 0 <1, 0 0 0
3 (<4 0 L 0 0 3
4 <1 <L | 0 0 0
5 <1 0 5 0 0 0
6 <] 0 <] 0 0 0 Dolomitel.
7 <X ? L7 ? 2 7 25% tlastlc grains,
Dolomitel.
8 ] 0 L] ? 0 0
9 <] 0 1 0 1 6
10 <4 0 1 2 0 6 Schmoo concretion.
11 <1 0 <1 1 0 3
12 % 0 2 1 0 €1 Difficult to estimate
percent because of small
grain size.
13 <] 0 3 0 0 ]
14 << 0 70I ? ? ? Goethite! forms cement.
Silicate minerals 30%.
15 <1 0 148 3 0 19
16 % 0 <l 1 0 0 No radioactivity detected
on autoradiograph.
17 <1 0 2 ? 0 1 1
18 <1 0 2 2 0 <1 Aragonite .
19 <1 0 <] 2 0 7
20 £L) 0 12 0 0 22 Hematite much more abun-
dant than goethite.
21 ? 53 £l 4] 0 0
SL105-
-2 <1 L1017 L] 2 0 20
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Figure 32. A. Unallered magnetite in the Wasatch Formation. M--
magnelite, H--Hematite. Thin section #16. Photo taken
in oblique light. 320X. B. Magnelite altering to
hematite in the Wasatch Formation. Hematite stained
silicate grains and hematite coating on grains is out-
lined. M--magnetite, H--hematite. Thin section #12.
Photo taken in oblique light. 320X
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STATISTICAL. ANALYSES

Favorable preliminary comparison of spectral and chemical data in-
- dicated that .these parameters should be quantitatively compared.. Pho-
tometric, radiometric, geochemical, and Munsell color data were evalu-
ated statistically by computer. Two data subfiles were created: one
contained all data from soil sample sites (CH, CC, LB, NJ, and IN), the
other contained all data from rock and mine sample sites (PJ, UT, LR,
BA, MJ, SJ, SL). Each of these two data subfiles was analyzed for asso-
ciations and dependence among the variables by correlation and multiple
regression.

Correlation coefficients estimate the degree of interrelation be-
tween variables in a manner not influenced by measurement units (Davis,
1973). In this way, unrelated variables, such as photometrically deter-
mined reflectivity in LANDSAT bands, percent vegetation cover, pH, total
Fe concentration, and Munsell hue, may be compared. The correlation co-
efficient, r, is the ratio of the covarience (COV) of two variables to
the product of their standard deviations (S):

jk = cov,
$. S
J

k (Davis, 1973)
k .
Correlations range from +1 to -1. A positive correlation coefficient
indicates a direct relationship between two variables while a negative
coefficient indicates that one variable is inversely related to the oth-
er. All coefficients between the extremes (+1 and -1) represent less-
than-perfect correlations. A correlation coefficient of zero indicates
that no linear relationship exists between the two variables.

The variables used in the statistical analyses, explanations of
their abbreviations;, number of samples considered, and variable means and
standard deviations-are given in table XVI. Some variables are ''second
generation'' variables created by permutation of one or two existing
variables. This was done in order to analyze, at the same time, pairs
of variables which behave in similar fashions, and to increase statis-
tical variance. Correlation coefficients for combinations of variables
are given In correlation matrices (tables XVII and XVIil). Also given
in the matrices are the number of common cases for each correlation.

The symbol ''--'" indicates that there are insufficient cases to make a
meaningful correlation. The correlation matrix in table XVII| represents
all soil data; the correlation matrix in table XVII! represents all rock
data. The rock subfile produced stronger correlations (higher positive
and negative coefficients). Weathering and mixing effects of soil for-
mation, erosion, and transportation could have reduced the strengths of
many correlations in the soil subfile. Some data, such as photometric
spectral bands, pH, and Ti0, were not obtainable from all rock sample
sites. Consequently, correlations were made from small populations for
these variables and should be used with caution.
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:‘Table XV1. Statistics on: Va-.r_i_a.bles Used in Correlation and
Regression Programs

Soil Subfile - CH, CC, LB, NJ, IN

Variable ﬁean Standard Deviation Number of Samples
U8 (1,0, ppm) B 2.7 - ' . a.y ' YL
Gamma (Total radio- 114. 87. .UU
metric gamma counts)

BU. (el, ppm) 1443 : 9,7 . 8y
v (V, ppm) - } ‘6§. . ] ‘56, : 95
MO (Mo, ppm) - . 9. - 10. . 95
ORGC (Organic C, ppm) [ . 10,000, 5,000. 95
TC (Total C, ppm) 13,000. 6,000. S 95
INORGC (Inorganic ¢, - 21,000. 39,000, gs.
ppm) . o '

CA (ca, ppm) 11,000, ) 13,000. 95
TI02 (TiO,, ppm) 3,000 , 1,000. 10
GAMEU (GAMMA x EU) - 1,723, . 4,389. 95
GAMZ (GAMMAZ) , 18,900. 62,450, 95
eUz (EU%) . 260.4 ‘ 773.7 1
GAMEU2 (GAMEU?) ' 22,029,000, 169,947,000, 95
VMO (V x MO) 690. 1,190. . 95
vz (v?) . 7:420. 9,910. 95
Wz (m?) . 180, 450. 9
ORGC2 (ORGC?Y) 135,986,000. 196,409,000 95
ORGERE (ORGE x TC) 156,902,000. 201,669,000. 935
1c2 (1c?) 205,786,000, . 250,402,000. 95

CAINOR (CA x INORGC) 550.747.000. 1.463,090,000- 95
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Table . XVI.
" (cont)

(contlnued)

Soil Subfile - CH, CC, LB, NJ, IN

Statistics on Variables Used in Correlatlon and
Regression Programs

Variable Mean. Standard Deviation Number of Samples
PH (Soil pH) 7.5 0.8 81
"HUE (Munsell hue) ) 19, 2. 95
TFE {total Fe, ppm) "17,900.00 4,600. 95
MFE (Mobile Fe, ppm) 4,600.. 1,400. 95
TMV (Total Mn, ppm) 397. 160. 95
MMN (Mﬁbile Mn, ppm) 190. 90. -1
VEGCOV (Vegetative 36. - 18. 95
cover %) :

B4 (Photometric Bangd 4) 18.7 10.3 85
-B5 (Photometric Band 'S) 23.9 14.8 85
B6 (Photometric Band 6) 28.6 22.1 78 .
B504 (B5/B4) 1.2 0.6 95
B604 (B6/B4) 1.3 " 1.1 95
B60S '(B6/BS) 1.1 : 0.9 95
B5M4 (BS - B4) 4.6 8.9.- 95
B6M4’(56 - B4) 6.7 19.8 95
B6MS (B6 - BS) 2.1 19.0 95
TFETMN (TFE x TMN) 7.227,000. 3,550,904. 95
TFE2 (TFE?) '341,200,000. 172,700,000 95
™2 (TMN?Y) 182,800. " 260,200. 95
MFEMMN (MFE x MMN) 945,000. 555,000. 95
w2 (romv?) 45,800, 42,200. ‘ o5
MFE2 (MFE?) 23,390,000. 12,820,000. 95




Table XVI,
(cont)

Rock Subfile - PJ, UT, LR, BA, MJ,

(contlnued)

StatlSthS on Varlables Used in Correlatlon and .
" Regression’ Programs

104 .

sJ, SL
Variable Maean Standard’ Deviarion Numhar -nf Sampn-..-.%
U300 (U;04: EEm) sz 353.3° a8
GAMMA (Total radio- - 920. 1,980. : .16
motrie gamma c:ounts) : S
EU (eU, ppm) 100.2 179.2 17
v (v, ppm) 290, 540, 50
MO (Mo, ppm) 9. 14, 50
ORGC (Organic C, ppm) i{aoo, 2,800. 42
TC (Total C, ppm) 11,400. 13,800. 48
INORGC (1norganic C, - 77,400, 119,400. 50
ppm) .
CA (Ca, ppm) 29,500. 41,200.° 49
TIO2 (TiO,, ppm) *° 2,300. 860. 14
GAMEU (GAMMA x EU) 139,900. 897,600, 50
~GAM2 (carn?) - 1,470,000. 9,733,000. 50
Eu2 (EU?) 13,700. 82,800. 50
GAMEU2 (GAMEU?) | emmmmmmemmen | el 0
. VMO (V x MO) - 4,090. 9,940. 50
v2 (v?) 367,000, 1,290,000. 50
M2 (Mo?) 260. 760. 50
ORGC2 (ORGC?) 9,080,000. 40,560,000, 50
ORGCTC (ORGC x TC) 19,320,000. 51,300,000, 50
- Tc2 (tc?) - 304,200,000. 615,300,000. 50
CAINOR (CA x INORGC) | 6,786,000,000. 15,664,000,000. 50



Table XVI.. Statistics on Variables Used in Correlation and
(cont) Regression Programs (continued)

Rock Subfile - PJ, UT, LR, BA, MJ, SJ, SL

Varia"b).e Mean ‘ Standard~Dévlati6n Number of Samples
PH {pH) ' 10: i 0. = 1
HUE (Mun;seu Hue) . 17, 6. " 48
TFE (Total Fe, ppm) 19,600. 23,600, 50
MFE (Mobile Fe, ppm) . 9,500.. 20,400, - 34
TMN (Total Mn, ppm) 1,920. 7,520, . 50
MMN (Mobile Mn, ppm) 590. 1,660. 33
VEGCOV (Veg_etativel 0.3 : : 1.6 S0
cover %) :
B4 (Photometric Band 4){ . 13.1 . 2.2 6
'BS (Photometric Band 5) - 26.7. ' . 11.9 o 6
B6 (Photomctric Band 6)] 37.9 7 1.8 : 5
BS04 (D5/B4) 0.3 © 0.7 50
© B604 (B6/B4 0.3 1.i .50
B605 (B6/B5) 0.2 . 0.7 50
_ BSM4 (BS - BA4) 1.6 5.7 50
B6M4 (B6 - B4) . A 2.2 9.6 50
B6MS (B6 - BS) : 0.6 10.2 50
TFETMN (TFE x TMN) 36,150,000, 143,490,000. ) . 50
TFE2 /(TFE?) ‘ 929,900,000, - 3,059,700,000. 50
™2 (D) _ 59,120,000, 493,000,000. - 50
MFEMMN (MFE x MMN). " 2,905,000.. - 8,181,000 e e 50
w2 (on?) _ 2,000,000 11,800,000. . 50
 MFE2 (MFE?) | 337,100, 000. 1,482,000,000. " 50
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Table XVI1.

Correlation Matrix for all Variables in

Soil Subfile

Uj0g e VvV Mo OrgC Tc Iﬁgrg ca Tio, fFe Mfe Ta MW pH  Hie B4 35 86 ng
U0, $5. 83. 95. 95. 95.95. 95. 95.  10. 95. 95. 95. 95. B8l. 95. 85. '85. 78. s5.
eU .789 83. 83. 83, 83. 83,  83. 83. 5. 83. 83, 83. 83. 76. 83. 80. 80. 73. 83.
v .092 .139 95 95. 95.95.  95. 95.  10. 95. 95. 95. 95. B81. 35. 85. 85. 78. 95.
Mo -063 -.086 .226 95. 95. 95.  95. 95.  10. 95. 95. 95. 95. 8l. 35. B5. 85. 78. 95
OrgC |-.185 -.293 .068 .079 95. 95.  95. 95.  10. 95. 95. 95. 95. B8l. 35. B85. 85. 78. .95.
TC -.112 -.227 .064 .122 .692 95.  S5. 95. 10. 95. 95. 95. 95. 81. 35. B85. 85. 78. 95
InorgC| .023 -.016 -.011-.060 -.136 .380 95. 95. 10. 95. 95. 95. 95. 8l. 5. B5. 85. 78. 95.
ca .019 .005 .059-.003 -.026 .615 .657 95 10. 95. 95. 95. 95. ®B1. 95, 85. 85. 78. 95
TiO, [-.397 -.124 -.309-.415 .742-.526 .113 -.538 10. 10. 10. 10. 10. 10. 1G. 9. 10. 10. 10.
TFe  |-.049 -.099 ..271 .270 .307 .441 .325 .328 .611 95. 95. 95. 95. Bl. 95. 85. 85. 78. 95.
e  }-.012 -.056 .213 .252 .275 .297 .169 .096 .602 .790 95. 95. 95. B1. $5. 85. 85. 78. 95.
TMn  |-.065 -.262 -.122-.014 .062 .437 .1934 .444 -.499 .171 .249 95. 95. ‘81. 95. 85. 85. 78. 95.
@ |-.118 -.153 -.016 .026 . .261 .170 -.117 -.11C .145 .140 .350 .469 95. 8. 95. 85. B85. 78. 95.
oH 214 .242 .109 .135 -.349 .222 .409 .56C -.787 .236-.057 .086-.322 B81. 8L. 78. 78. 73. 81.
Hue. |{-.068 .040 .076 .171 .052 .122 .198 .057 .604 .348 .275-.074 .143 .069 <5. 85. 85. 78. 95.
B4 .054 .224 .018-.052 .079-.073 -.354 -.085 .421 .309 .276-.196-.165 .196-.CO4 85. 84. 77. 85
BS .023 .171 .004 .045 .008-.050 -.J06 -.048 .053 .273 .250-.066-.019 .258-.C13 .821 85. 77. 85.
36 -276  .357 .015 .172 -.090-.106 -.)5¢ -.051 .019 .127 .235-.132-.155 .118-.CO5 .623 .701 78. 78.
VegCov:~.076 =.153 =.056-.102 -.180-.212 =.99E ~.129 .023-.198-.153-.326 .024-.303-.05[-.184-.158~.091 95.

Upper Triangle -- Number of cases in smalles:z population for correlaticn
Lower Triangle -~ Correlation Coefficients
Soil Subfile includes CH, CC, LB, NJ, and IN sample sites.
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Table XVIll. Correlation Matrix for all Variables in Rock Subfile
U303 el v Mo Org C TC Igorg Ca '1:‘1'.0'2 . TFe MFe: TMn ‘MMn APH H"ue - B4 BS B6 Vegéov
U304 43. 16. 48. 48. 41.. 47. 48, 48. 14.  48. 33, as. 32. 0. 47.°6. 6. 's. . a8
eu 752 17. 17. 17. 10. 15. 17. 16. 0. 17. 17. 17. 17. 1. 6. 6. 6. S.  17..
v 770 .497 50. S0. 42. 48. 50. 49. 14. - 50. 34, S50. 33. 1.-48. 6. 6. S. 50.
Mo .054  .175 .198 50. 42. 48. S0. 49. 14. 50. 34, 50. 33. 1. 48. 6. 6. 5.  50.
Org C'}.087 -.204-.152-.132 42. 42. 42. 42. 14. 42. 26. 42. 25. 0. 41. 5. 5. 5. 42
Tc  }.052 .255 .002 .036 .128 48. 48. 48.. 14. 48. 32. 48. 31. 0. 47. 6. 6. 5. .48,
Inorgd-.012  .287 .005 .049-.101 .950 50. 49. 14. . 50. 34. 50. 33, 1. 48. 6. 6. 5.  50.
ca .018  .305-.002 .058-.085 .311 .947 49. 14. 49. 33, 49. 32. 0. 48. 6. 6. 5.  49.
Ti0, |-.135 -~ .263 .222 .129-.J40 -.081 -.126 14. 14. 14. 14. 14. 0. 13. 0. 0. 0. . 14.
TFe |.021 =-.119 .181 .035-.009-.161 -.175 -.175 .429 SO. 34. 50. 33. 1. 48. 6. 6. 5.  50.
MFe [-.045 -.058 .031-.001 .011-.181 -.176 -.189 .377 .949 34. 34. 33.. 1. 32. -6. 6. 5. 34.
Tda | .075 -.077-.039 .030-.172 .507 .008 .512-.052 =.008 -.068 50. 33. 1. 48. 6. 6. 5.  50.
M | 493 .151-.004-.014-.080 .118 -.030 .132 .127 3.oi7 -.039 .946 33. 1. 31. 6. 6. 5.  33.
pH -- ce e em e em e i il s e e - 4. 0. 0. 0. 0. 1.
‘Hue | .059 -.217 .041 .089-.030:.086 -.100 -.003 .441 .001 -.049-.223 -.173 -- 4B. 6. 6. 5.  48.
B4 |.510 .36C .000 .267 --..289 .549 .303 -- ©.047 -.145 .373 .242 <= .179 6. 6. 5. 6.
B5  .008 -.269-.479-.069 =-- -.445 -.385 -.404 -~ -.131 .071-.454 -.410 ---.709 .362 6. 5. 6.
B6 -.602  -.70¢-.860-.420 -- -.627 -.418 -.654 -- —.1157—.062—.796 -.788 ---.803-.730-.230 S. ‘5.‘
VegCow-.058’ -.15é;.666-.1oe-.§4q4.:41 -.128 -.114 - -.071 -.088 .045 .001 ---.163-.137-.030 .767 50.
d Upper Trzangle.-- Number of cases in smallest ;opulatxon for correlat:.on.
Lover Triangle -- Correlation Coefficients

Rock Subfile -- ‘includes PJ, UT, LR, BA, MJ, and SJ sample sites.



It should.also be understood that the variable, Munsell hue, relates
to only the horizontal dimension of the three-dimensional Munsell color
coordinate system and does not.incorporate.all aspects of. color. . Quan-
titative values, rather than location values, were assigned.to the vari-
able. These values increase as one moves around the sphere from red to
green (all materials observed in the field, fell. into the red-green Mun-
sell range). These quantitative values can be better interpreted if con-
sidered equivalent to spectral frequency (in the visible range only)
rather than actual colors. Low. Munsell hue values correspond to low-
frequencies and high Munsell hue values correspond Eo high frequencies.
For example, a green.object. (frequency of 6.7 X 101%hz) might have a
Munsell hue value of 25, whereas, a red object (frequency of 5.3 X 10!
hz) would have a Munsell hue value of 5.

Several associations are apparent from tables XVI1 and XVIII, u,08
and eU have a strong positive correlation (as stated earlier). V also
correlates well with U308'and el in the rock subfile. Strong correlation
exists among total C, inorganic C, Ca, and pH. This is largely due to
the calcite cement of the sandstones. Ti0,, though having a relatively

~small sample population, shows.a positive correlation to both total and

mobile Fe, and a negative correlation to total Mn and Munsell hue. Both
total Fe and total Mn show a very strong correlation to mobile Fe and
mobile Mn respectively. Photometric spectral bands show a positive cor-
relation with one another. This is due to the prevalence of samples
that are light or dark in all spectral bands. It is not unusual.

Multiple regression is a statistical technique through which one can
analyze the relationship between a dependent (criterion) variable and a .
set of .independent (predictor) variables (Kim and Kohout, 1975). Unlike
correlation coefficients, which analyze one-to-one relationships, linear
multiple regression techniques analyze muiti-variate relationships, and
evaluate the contribution of a specific variable or set of variables to
find the best linear prediction equation to a given criterion variable.
The general form of the regression equation is:

Y' = A+ B-I X] + BZXZ...Bka
Where Y! is the estimated value of the dependent variahle Y,
X| are the independent variables, By are regression coeffi-
cients, and A is the Y intercept (a constant).

The proportlon of variance of Y explained by each of the variables

included in the regression equation (i.e. the goodness of fit of the re-

"gression equation) can be evaluated by examining the square of the mul-
tiple correlation:

Variation in Y explained by the combined Ilnear

R2 = influence of the |ndeg*pdent variables’
‘ Total variation in Y
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An R2 value of | would indicate that the regression equation produces a
perfect fit or prediction of the dependent variable. High confidence
can only be placed on the R? value If a small number of independent var-
iables are used to fit a curve of the dependent variable which is deter-
mined by a large number of samples. |[f the number of independent var-
iables should approach the number of values defining the curve 05 the
dependent variable, a perfect fit will always be made, and the R“ values,
thus obtained, are meaningless.

Multiple regressions were run for both soil and rock subfiles. Var-
iables listed in Table XV were used selectively as independent variables.
Summary tables for multiple regressions using U,0g and Munsell hue as de-
pendent variables are presented in tables XIX and XX. When U,0g was used
as a dependent variable, combinations of the radiometric variables Gamma
(high energy radiation) and eU yielded an R2 value of .900 (using three
variables to approximate a curve determined by 95 U30g values) (table
XIX A) demonstrating that radiometric uranium values bear the ‘expected
close relationship to geochemical uranium values. When only chemical
independent variables are regressed against U30q, the picture is much
more complicated. For the rock subflle (table XiXx C), v, Vz, and mobile
Mn explain most variance within U 0 = .997, using 3 variables to
approximate a curve determined by hg U 03 values). For the soil subfile
(table XiX B), the following variables yleld the best predictor equation-
of U30g (in order): organic C x total C, V, Ti0,, total C, mobile Mn,
and V x Mo. The cummulative RZ2 was .989 (using % variables to approx-
imate the curve determined by 95 U30g values). This shows that carbon
(especially organic C) and trace e?ements, such as V, Ti0p, and Mo, are
associated with uranium. These results support the chemical zonation
predicted by -.the roll-front model. - ‘

In other regressions, Munsell hue is used as the dependent variable
against chemical independent variables. The results are difficult to in-
terpret, especially in light of the quantitative values used to represent
the Munsell hue variables. For the soil subfile (table XX B), organic C
and Ti0y have a combined R2 of .715 (when 2 variables are used to approx-
imate a curve determined by 95 Munsell hue values). For the rock subfile
(table XX A), the following chemical variables are important (in order):
mobile Mn, TEOZ, mobile Fe x mobile Mn, organic C, total Fe x total Mn,
Ca x inorganic C, and Mo. The cummulative R2 for this combination is

.995 (using 7 variables to approxnmate a curve determined by 48 Munsell
hue values).

Because T|02 has a relatlvely small populatlon relative to other
chemical varlables, it is more easily fit into a regression equation.
Its high RZ value in most regressions may be attributed to its low sample
number. As a trace element, it probabl§ has a very insignificant rela-
tionship to Munsell hue, and its high R values should be disregarded.

Results from these regressions (omitting Ti07) indicate that color
in rocks is a complex combination of Fe, Mn, organic C and CaC03. Pre-
vious experience indicates that all these variables are, indeed, coloring
agents. For soils, these results show that organic C has the greatest
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Table-XIX.” - - - Statistical Regressions with Uj0g as the
Dependent Variable '

Soil Subfile (CH, cC, LB, NJ, IN)

Variable R2 Change Cumulative R2 Simple-R B
GAMMA x U’  .869 = .869 .932  3.634 x 10°% A
GAMMAZ .019 .888 499 1.175 x 107
GAMMA x eU  .012 .900 .869 -4.584 x 107°

Constant o ' _ ~ '2.455

' variable R2

Change Cumulative R Slmple R B
Organic C x  .407 - ,407 . - -.053 5.491 x 10°° B
Total C .
v .181 .588 .093 . -4.001 x 10”2
Tio, 157 .745 . -.397  -1.192 x 1072
Total C 142 .887 -.112  -2.317 x 107°
Mobile Mn .063 .950 -.118  1.675 x 10°2
V x Mo .039 .989 .010 -9.867 x 10”2
Cconstant 60.908

 Rock Subfile (PJ, UT, LR, BA, MJ, SJ, SL)

Variable R2 Clhiange Cumulative'R2 Simplre-R B
v B 413 . .413 | 642 1.714 . c
v2 ' .344 757 344  -4.720 x 10°°
Mobile Mn .240 .997 .497 0.557
Inorganic C  .002 1,999 © .097 -4.864 x 107¢
Constant : : . -453.275 .
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Table ‘%X, Statistical Regressions with Munsell Hue as the
Dependent Variable '

Rock Subfile (PJ, UT, LR, BA, MJ, sJ, SL)

Variable RZ Change Cumulztive Rz

Simple-R B
Mobile Mn  .449 .449 -.173 1.048 x 102 A
Tio, .194 643 .441 1.053 x 1072
Mobile Fe x .156 .799 -.197 -5.705 x 10~/
_ Mobile Mn 4
Organic ¢ .093 . 892 ~.030 -7.566 x 10
Total Fe x  .067 .959 -.226 -1.300 x 10~
Total Mn _1i
Ca x Inor- .030 .989 .029 5.270 x 10
ganic C -2
Mo .006 .995 .089 -3.524 x 10
Coﬁstant -6.500

Soil Subfile (CH, cC, LB, NJ, IN)

variable R? Change Cumulative R® Simple-R B

Tio, .365 .365 .604 4.375 x 10”3 B
Organic C .350 715 .350 -5.627 x 1074

'Cohstant . 11.583
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bearing on soil color in the study area. The colorlng effects of Fe, Mn,
and CaC03,_wh|ch are most important in rocks, are apparently reduced rel-
ative to organlc C by the soil forming process. .
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CONCLUSIONS

The video image analysis system at the University of Wyoming is a
low-cost; fast, effective, and efficient tool which greatly facilitates
. the development of enhancement techniques suited to a particular situa-
tion or location. It greatly aided the identification and mapping of
altered sandstone assoc1ated with uranium deposits in the Pumpkin Buttes
area (plate 2).

Once locations of altered ground are identified, exploratory dril-
ling programs can be directed down-dip in the host sandstone until a
roll front has been delineated.. Thus, maps of altered sandstone, pro-
duced from video enhanced remote sensor data, can be used in conjunction
with the roll-front model to reduce the time, costs, and impacts on the
surface environment, involved with exploratory drilling for uranium.

The content of this report applies to near-surface deposits only.
Future work should include studies on the extent (distance) of alter-
ation from a roll front, and studies on the effect of changing geochem-
istry with depth, and how it relates to the reliability of using surface
alteration as a drilling guide. :

Because altered sandstone is often masked by variation in soil and
vegetation, image processing and enhancement are essential in order to
extract the maximum spectral and spatial information avallable In remote
sensor data. The 7/4 ratio has proven to be most effective for enhance-
ing altered sandstone at Pumpkin Buttes. This was demonstrated using
LANDSAT digital data, airborne scanner data, and field-reflectance spec-
trometer ‘data. The 6/4 ratio is the best enhancement from color infra~:’
red photography (when band 7 is not available). Contrast-stretched col-
or composites do a reasonably good job of enhancing alteration and are
especially useful in LANDSAT studies where resolution requirements do
not permit the use of ratios. The 5/4 ratio enhances alteration only
where there are many rock exposures and vegetative cover is minimal.

Spectral analyses show .that ferric iron absorption is apparent at
wavelengths of .55 um and .9 um only in the spectra of altered ground.
These absorption bands effectively limit the reflected light traveling
back to the sensor. In the visible range, green light is absorbed at

.55 um, thus allowing a greater proportion of red light to be reflected.
This is why altered rocks appear pink to the eye. The ferric absorption
band at .9 um is even more sensitive to iron oxide. However, it is in
the near infrared portion of the electromagnetic spectrum, and cannot
be detected by photographic systems nor can it be effectively used when
incorporated into the broad-bhand reflectance data provided by LANDSAT.
Minor ferrous absorption at 1.1 um is apparent only in the spectra of
unaltered ground. This indicates that reduced iron is more prevalent in
unaltered areas. However, surface oxidation and spectral mixing by var-
ious materials greatly diminishes the effect of ferrous iron absorption.
Most currently available sensor systems cannot detect the minor ferrous
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iron absorption band but can readily detect ferric iron absorption. For
this reason, .altered areas (not.unaltered areas) are anomalously visible
on the multispectral images. :

Field reflectance data indicate that remote sensor bands in the 1.5
pm to 1.8 um and 2.0 ym to 2.5 um range can also be useful for discrim-
inating between.altered and unaltered ground. Information on rock pro-
perties could also be available if the clay (2.2 um) and carbonate (2.45
um) absorption bands were sensed. Unfortunately, most currently available
remote sensor systems do not sense in these spectral regions.

Geochemical analyses have shown that the following elements associ-
ate with particular roll front zones:

Fe, organic ., Tifly; are most abundant in unaltered sunes.
Mn, inorganic C, total C are most abundant in altered zones.
U308 , V, Mo are most abundant in ore zones.

Equivalent uranium values converted from radiometric measurements in
the field correlate well to geochemically derived U308 values of samples,
thus providing a check for the geochemical analysis of uranium. The ef-
fect of calcite cement in sandstones of the Wasatch formation is reflect-
ed in the good correlation among Ca, inorganic C, total C, and pH. Car-
bon has a major influence on the geochemistry of soils, as revealed by.
statistical analyses. The effect of the soil-forming process clearly
weakens correlation coefficients among chemical variables. It also weak-
ens the colorlng effects of Fe, Mn, and CaC0Oz, as shown by multiple re-
gressions using Munsell hue as the dependent variahle. Once the influ-
ence of carbon on soils is taken into account, the results of multiple
regressions of UgOs can fit with associations predicted hy the roll=front
model.

It has beocon determined by coipar iny chemlical ¢ontoured grid sample
areas to video enhancements of altered areas, that the major coloring a-
gent of altered sandstone is iron. Spectral analysis shows that altered
areas are detectable because of the presence of iran (as an oxide), whilec
geochemical analysis shows that alteration zones can be distinguished
from unaltered zones by their lower concentration of iron. This seeming-
ly inverse relationship can be explained by considering altered areas as
the barrfen interior of a roll front. Petrographic studies of thin sec-
tions and x-ray diffraction studies have shown that iron is present
throughout the host sandstone units, in chemically reduced and ferrous
states, as the minerals pyrite and magnetite. As a roll front moves
through the sandstone, redox and pH changes occur, allowing iron to be-

- come mobilized in the groundwater. Some iron is redistributed or removed
from the system while in the mobile state. Remaining iron (in less than
original abundance) is re-deposited as an iron oxide stain on sand grains
behind the roll front. Thus, the oxidation of ubiquitous magnetite and
pyrite result in what is detected as alteration. '
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Experiments with pure Fep03 mixtures show that the limit of detect-
ability for iron oxide is near a concentration of 100 ppm, and that spec-
tral absorption for ferric iron increases with greater Fey0; concentra-
tions. Because the average iron content of altered soil samp]es col-
lected -at Pumpkin Buttes is on the order of 10,000 ppm, there is suffi-
cient iron in the soil to produce a distinctive color anomaly in altered
areas.

In order for image analysis techniques on remote sensor data to be
successful, several problems must be overcome. First, spectral mixing
by all surface materials can effectively reduce or obliterate iron ab-
sorption bands (ne matter how strong the absorption is). This is why
enhancement of alteration in soil is exceedingly difficult in areas with
significant vegetative cover. . Muting effects of soil moisture and veg-
etation can be reduced by selectlng imagery obtained during a dry peruod
in the fall season when vegetation is senescent.

Spatial resolution is another problem, particularly with LANDSAT
data. The size of a pixel is 79 m x 79 m (259 ft x 259 ft) on the ground.
Areas smaller than this can, generally, not be resolved on LANDSAT data.
Specialized digital processing to enhance edges of objects can enable
some smaller objects to be resolved, but spectral contrasts are distort-
ed in the process. Video processing further reduces spatial resolution
with each ''generation of recording''. Detailed alteration mapping must
be accomplished using airborne sensor data.

~ Another problem is that some features are enhanced during image
processing which are not related to altered sandstone. For example, the
6/4 ratio enhances red-colored shales and siltstones and areas sufround-
ing stock watering wells, as well as altered areas. Altered sandstones
associated with uranium deposits usually have a definite geomorphic ex-
pression (ridge formers) which allows them to be discriminated from oth-
er similarly colored features.

Another problem often encountered is the aquisition of high-quality
imagery. This is extremely important to the success of image analysis.
Different image data used in this study contained vignetting, low spec-
tral contrasts, geometric distortion, pronounced scan striping, and proc-
essing noise. These defects limited the success of many image enhance-

- ments. Processing of images at a large scale can reduce some of these
problems, but it is best to start with high-quality imagery.

- Fleld reflectance spectra-collected at-several uranium.districts in
Wyoming -indicate. that. in- some:cases, the alteration-enhancement tech-
niques developed at' Pumpkin Buttes may be successfully extended to other
districts. However, in some areas, the techniques may not be effective.
Similar geological environments, surface conditions, and type of alter-
ation and deposit are essential in order to extrapolate enhancement tech-
niques from one district to another. Future work should include studies
of both similar uranium districts and unexplored areas in Tertiary basins
using techniques developed in this study. The video image analysis sys-
tem would be an ideal tool for such work because of {ts speed, eff|CIency,
input flexibility, and low operating costs.
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"APPENDIX A

Descriptions of sample sites in the Pumpkin
‘Buttes study area. ’
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02

03
.04

12
13
14
15
18
22
23
24
25
32
33
34

41
42
43
44
45
51

52.

53

55
61
62

64
65
70
71
72
73
74
75

80.
81

82
83
-84
85

soil
soil
soil
soil
soil
soil

soil -
- soil

soil
soil
soil
soil
£011

soil.
soil’
soil

soil
soil
soil
soil
soil
soil
soil
soil
soil
s011
soil
soil
soil
soil
soil
s0i)
5011
soil
soil
soil
soil
snil
soil
soil
soil
soil
soil

soil

over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over
over

ovar

over
over
over
over

over

Oover

unaltered
unaltered
unaltered
unaltered
unaltered

altered

altered
unaltered

ore-bearing

unaltered
altered
altered
unaltered
unaltered
altered
altered
unaltered
unaltered
unaltered
altered
altered
mnaltered
unaltered
unaltered
altered
altered
unaltered
unaltered
unaltered
altered
unaltered
unaltered
unaltered
altered
unaltered
unaltered
altered
unaltered
unaltered
altered
altered
altered
uhaltered
unaltered
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Christensen Grid (CH)

siltstone
siltstone
giltotone
siltstone

alluvium
limestone

sandstone
siltstone
sandrtone -
alluvium

sandstone
sandstone
Ssiltstone
siltstone
sandstone
sandstone
siltstone.
siltstone
sandstone
sandstone
siltstone
siltstone
siltstone
siltstone
sandstone
sandstone
siltstone
siltstone
siltstone
sandstone
siltstone
siltstone
sandstone
sandstone
siltstone
siltstone
sandstone
siltstone
siltstone
sandstone
sandstone
sandstone
siltstone
siltstone



11
12
13
14
21
22
23
24
25
31
32
33

34

35
41
42
43

44

45
52
53

54 .

55
63
64

65
66

Colorado Christensen Grid (CCi ,

soil
soil
soil
soil
soil
soil
soil
5011
soil .
soil
soil
soil-
soil
~soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil
soil

altered
unaltered

altered
altered
unaltered
altered
altered
altered
unaltered
unaltered
purple
purple

over
over

over

over
over
over

over .

over

over

over
over
over
over
over
over
over
over
over
over
over
over
over

over

over
over
over
over

Jeannette Pit Transect (p7) -

unaltered’
altered
unaltered
unaltered
unaltered
altered
ore-bearing
unaltered -
altered
unaltered
unaltered
unaltered
unaltered
altered
unaltered
altered
altered
unaltered
altered-
unaltered
altered
altered
unaltered.
unaltered
altered
altered
unaltered

sandstone
sandstone

‘siltstone

siltstone
sandstone
sandstone
sandstone
siltstone
sandstone

siltstone

sandstone
sandstone
siltstone.
sandstone
siltstone’

sandstone -

sandstone
sandstone
sandstone .
sandstone

sandstone =

sandstone
siltstone
sandstone
sandstone

sandstone

sandstone

pink sandy soil
‘gray sandstone
white calcite vein
" yellow sandstone
red sandstone
gray shale
pink sandy soil
red sandstone
red conglomerate
- gray conglomerate
gray sandstone
ironstone fossil wood
ironstone fossil wood
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Surface Samples

01 soil over siltstone
03 soil over altered sandstone
05 soil ‘over altered sandstone
07 soil over unaltered siltstone-
09 so0il- over unaltered siltstone
11 soil over unaltered siltstone
13 soil over altered sandstone
Samples collected at a depth of 15 cm (6 in)
02 svil .over. uhaltered siltstone
04 soil . over altered sandstone
06 s0il aver altered sandstonc
08 soll. over unaltered siltstone
10 soil over. unaltered siltstone
12 soil . over unaltered siltstone
14 soil. over altered sandstone

Lauby Transect (LB)

unaltered

Utah Mine Transect (UT)

01 altered

"yellow sandstone
02 altered yellow . sandstone
03 ore-bearing brown:- ~ sandstone
01 orc-bcaring ~ ‘green sandstone
05 altcred red sandstone
06 altered red conglomerate
07 unaltered brown sandstone

- Tnnes Transect (IN)=*
01 soil over ~unaltered marlstone
02 goil over wiallered sandstone
03 'soil over: unaltered marlstone
04 so0il over “unaltered siltstone
05 so0il over tnaltered siltstone

*IN is lqcated 5 km (3.3 mi) north of mineral district.
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01
02
03
04
05

01
02
03
04
05
06
07
08
09
10

01
02
03

01

02
03
04
05
06

North Jeannette Transect (NJ)

soil
soil
soil
soil
soil

over
over
over
over

over

‘unaltered
unaltered

ore-bearing

altered
unaltered

shale
shale
sandstone
sandstone
shale

Jeannette Spectrometer Sites (SJ)

altered
unaltered
altered
unaltered
altered
altered
altered
altered:
unaltered
altered

pink
red
red
gray
yellow
red
red
red
‘gray
pink

sandy soil
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
sandstone
shale
sandy soil.

Mid Jeannette Transect (MJ)

unaltered

gray
altered

unaltered
unaltered
unaltered

altered

altered
unaltered
unaltered

*LR is located 11.3 km (7 mi) south of the study

_area.

gray

ore-bearing

red

gray
gray
gray
yvyellow
red
gray
gray
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sandstone
sandstone’
sandstone

Laur Mine Transect (LR)*

sandy soil
sandstone
sandstone
sandstone
sandstone
sandstone
shale



01
02
03
04
05
06
07
08
- 09
10

01
02
03
04
05
06
07

01
03

Blowout Anomaly #119 Transect (BA)

unaltered
unaltered
unaltered
unaltered

ore-bearing

altered
unaltered
altered
altered
altered

gray
gray
gray
gray
yellow
vellow.
gray
yellow
yvellow
red

sandy soil
sandstone
sandstone
sandstone
sandstone
sandstone’
sandstone
sandstone
sandstone
sandstone

Spot Sample Locations (SL)

gray sandstone, White River fm.

coal (lignite), Wasatch fm.
soil over
soil over

unaltered
unaltered

siltstone, Wasatch fm.
siltstone, Wasatch fm.

Uraninite ore from BA pit, Wasatch fm.
Carnotite ore from BA pit, Wasatch fm.
Uraninite ore from BA pit, Wasatch fm.

Spot Sample Loudations from Chimney Hill Area (CM)*

gold—cdlored limestone, Wasatch fm.

unaltered buff sandstone,

Wasatch fm.

unaltered buff sandstone, Wasatch fm.

*CM is located

~
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5 km (3.2 mi) north of mineral district



APPENDIX B

Results of geochemiéal analyses for sample
transects. . '
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APPENDIX C

Results of geochemical analyses and photometrlc
measurements for sample grids.* .

*Computer contour plots courtesy of PhllllpS
Petroleum Company. ,
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APPENDIX D

Spectral curves collected in the Pumpkin Buttes
area with the Portable Field Reflectance Spectro-
meter* (PFRS) and geological sketch maps and
cross-sections of spectrometer sample areas.

*PFRS developed by and made avallable through
NASA/JPL.
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GEOLOGICAL SKETCH MAP AND CROSS-SECTION OF JEANNETTE -1 MINE
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APPENDIX E
Descriptions of petrographic thin sections,

x-ray diffraction analysis, and mineral
abundance estimates. .
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Petrographic thin sections were cut from twenty-two rock sam-
ples collected at the Jeanette and Colorado Christensen uranium
-mines and at other locations throughout the Pumpkin Buttes -study
area. Thin sections were analyzed on a polarizing petrographic
microscope. The percentages of major mineral constituents were
obtained by averaging ten estimates of mineral abundances from
different areas on each thin section. The thin sections were ana-
lyzed both in transmitted and reflected light. A mineralogic des-
cription was prepared for each thin section (see following pages)
which includes mineral descriptions, percentage estimates and tex-
tural characteristics. A portion of each rock sample was ground
to a fine powder and analyzed by standard x-ray diffraction proce-
dures and equipment. The results of these analyses are also in-
cluded in the mineralogic descriptions. The major minerals iden-
tified from the x-ray curves are reported along with the relative
heights of the major diffraction peak. The major diffraction
peaks were plotted against the percent estimates of mineral con-
stituents (from the thin section analyses). The resulting plots
indicate no strong dependence between mineral percentages and the
intensity of the x-ray diffraction.. Consequently, we must conclude
that the intensity of the diffraction peak is not a reliable indi-
cator of the mineral abundance.
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Thin Section #1

.North.Butfé,,White River.Formation Black Sandstone -

Quartz 42%

Feldspar jZ%

Cristobalite,]B%

Unknown ?8%

Chert‘fragments 1%

Lithic fragments 1%

Biotite <<%
Muscovite 1%
Epidote <1%

Calcite <<I%

Amphibole <1%

 Most shows undulatory extinction

Plagioclase (9%) Some fresh but most show
some dusting of clay. A few grains are very
intensely argilized. Some grains have well-
developed twinning (albite, carlsbad, peri-
cline). Microcline (3%) |Is mostly fresh.

.Has gridiron twinning.

Cement. .Colloform textured.

(Petroleum) Black. Opaque in condensed
light, reddish brown slightly at edges. In
some areas stains silica cement., Occurs
mostly in.discrete rounded areas.

More rounded than silicate grains.

Clay cehented siiicates. Brownish, little
change from plane light to crossed polars.

Discrete grains.
Discrete qrains.

Discrete grains.

Texture: Angular to subangular grains up to about 2 mm.

X-ray results: Quartz (215), Plagioclase (54), K-feldspar (47),
Zeolite (38)

Thin Section #2

North Butté, White River Formation Pink sandstone

Quartz 45%

Fresh. Slight to mosaic undulatory extinct-
tion. A few larger grains partly replaced by
secondary quartz. A few grains have graphic
intergrowths.
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Thin Section #2, continued

Feldspar 31%

Lithic fragments 3%

Cristobalite 19%
Muscovite <I1%
Epidofe <1%

Amphibole <<1%

Goethite <1%
Hematite
Pyrite? <<1%
Magnetite <<I1%
lmenite

Microcline (12%) Mostly fresh. Well-devel-
oped gridiron twinning. May contain veinlets
of cristobalite.

Plagioclase (19%) Some grains partly replac-
ed by quartz. Usually contajn dusting of clay
(some heavily argilized). Some grains have
sericite inclusions. A few grains partly re-
placed by cement along microfractures. 'Con-

tains pericline and albite twinning.

Different types. Quartz and epidote (sub-
founded) (~2 mm). Clay balls (sub-rounded).
Fragments. may appear pale orange or brown.
Some grains may be held together by clay ce-

ment and incorporated into the silica cement.

Cement and fibrous fan-like clusters in ce-
ment. Does not appear to extensively replace
grains but does fill many microfractures.

Nonpleochroic, colorless.
Inclusions in lithic fragments.
Hornblende? Pleochroic colorless to light green.

From alteration of magnetite. Sometimes occurs

mixed with silica cement.

Inclusion in rounded feldspar grain. May be
marcasite or pyrrhotite. Also occurs as vein-
lets in altered silicate grains.

" Small discrete grains in silica matrix. |Is

often somewhat pitted and weathered looking.

Texture: Angular to subangular. Fair sorting. 3 mm to <.01 mm.

X-ray resultsf Quartz (390), K-feldspar (44), Plagioclase (43),
' ‘ Cristobalite (20), 11lite (5).

Thin Section #3

North Butte, White River Formalion

"Quartz 39%

Yellow-red sandstone

Mostly fresh, slight to mosaic undulatory
extinction. Almost entirely discrete grains

"but a little occurs in lithic fragments.
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Thin Section #3, continued

Feldspar 24% - K-feldspar (9%) Microcline. Well-developed
gridiron twinning. Mostly fresh.
Plagioclase (15%) albite. Usually some clay
alteration. Many grains .intensely argilized.
Albite and pericline twinning. Some contains
inclusions of sericite. Microfractures may
be filled by goethite.

Cristobalite 21% Cement, colloform texture near grain boundary.
Is latest phase, surrounds everything.

Lithic fragments 6% Muscovite rich fragments, sub-rounded. Chert
" or fine-grained quartz fragments. Sub-rounded
clay fragments with goethite filled fractures.

Muscovite <1% As discrete grains and as alteration of plagio-.
clase. ' :

Epidote <1% As discrete grains and in lithic fragments.

Ampﬁibole <1% Hornblendes? Pleochroic cblor]eSS'to gréen.

Magnetite <<1% " Inclusions in chert (?) fragments.

| Imenite :

Goethite 4% ~ Reddish brown, almost opaque. Fibrous, often

Hematite shows parallel extinction. Occurs as cement

and as discrctc grains (-.2 mm in diameter).
Colloform texture is developed around goethite

~grains and cement. Some grains surrounded by
goethite and later surrounded by cristobalite.
Often surrounds plagioclase.

Biotite <<I1% Discrete grains, mostly altered to chlorite.
Chlorite <<1% Mostly from alteration of biotite.
Void 3%

Texture: Angulér. Not very well-sorted. Grain size up té about
I mm.

X-ray results: K-feldspar (>100), Plagioclase (>100), Quartz
(>100), Goethite (9), Cristobalite (9).
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Thin Section #4
Nofth Butfe, WestvPolnt. ;Whlfe River Formation Bu%% sandstone

Quartz 39% ' - Very angular grains. Some show .undulatory
: extinction.

Feldspar 4% Plagioclase (1%) is generally fresh but some
shows ‘slight dusting of clay. K-feldspar (3%)
is mostly fresh. Some -has good gridiron twin-

" ning (microcline). Some grains of orthoclase

(7).

Cristobalite 35% Colorless, colloform texture near graln boun-
* daries, layered everywhere else: .

Chert'fragmeﬁts 16% Mottled looking. ‘Some contain a light yellow
staining.

Lithic fragments 6% . Light tan to brown. Sub-rounded.
Biotite <1% : Pleoehrolc.light tan to light brown. Some

' : ~grains altered to chlorite with separation of
opaque mineral (leucoxene?). Many grains are
fibrous looking.

Muscovite <1% .Fresh colorless discrete grains.

Epidote <1%

Magnetite <1% \ small (.1 mm) dlscrete grains. Some grains

iImenite ~ contain rough edges and may be altered to
Fet*t-mineral.

Goethite <I1% Discrete grains. Brown in condensed .light.

Pyrite <<1% Small (.05 mm) discrete grains in cristobalite

cement. Some may be altered somewhat.

Texture: Angular, fine-grained (.l to .05 mm), very well serte&.
Elongate grains are aligned.

X-ray results: Quartz (275), Plagioclase (47), Crlstoballte (28)
' K- feldspar (16), 111ite (4).
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Thin Section- #5
North Butte, White River Formation Sandstone near.spring below gate

Quartz 41% iMostly fresh. Slight to mosaic.undulatory ex-
- © tinction. 2V as much as about 5°.

Feldspar 32% Microcline (21%). Mostly fresh but. with some
T ' 'slight clay-alteration. Some grains contain
gridiron twinning. ,
Plagioclase (11%). Usually somewhat argilized.
Some grains contain sericite inclusions.
Albite and pericline twinning. Some grains
intensely argilized.

Cristaobalite 10% Cement. ‘Forms a thin colloform rim on most
grains., Rim (~.05 mm) occurs where grains
‘are in contact with "matrix!. Some pieces of
cristobalite are ''floating' free in void space.

- Zeolite 5% Brown in plane light. Contains a few small

: (up to .5 mm) .quartz inclusions. May only be
lithic fragments. No variation in birefringence
with rotation of stage. |In places forms around
other grains.

- Goethite 2% . Usually occurs along grain boundaries or as

Hematite . 4 .. ccment, but also as discrete grains. All hem-
atite is surrounded by silica cement. May re-
place feldspar or quartz. Appears to be from
alteration of magnetite in some places.

Lithi¢ tragments <1% Mostly small quartz grains cemented by silica

cement.
Epidote <<1% " Enclosed in silica cement.
’ Clay «<I1% Mostly from alteration of silicate minerals.
Sericite <% As inclusions in plagio;iase. Very light blue

in plane light.

Magnetite <I1% Usually as discrete grains. May be somewhat
I1menite o altered to hematite.
Unknown <1% Black opaque material with no reflectance at

all. Rims some void areas. May be petroleum.

Void 7%
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Thin Seqtion>#5, continued

Texture: Angular to subangular Fair sorting. Largest grainé
about 2mm. ‘

X-fay results: Quartz (315), Plagloclase (53), K- feldspar (43),
Zeolite (17).

Thin Section #6

' Badlands Ridge, Wasatch Formation Marlstone

Quartz ~49 . Small (<.1 mm) angular fragments in matrix of
: calcite. Slight to very pronounced undulatory
extinction. Partly replaced in by calcite at
outside edges of grains. Some grains entirely
replaced by calcite.

Calgite ~kg - Cement and as discrete grains in calcite cement.

 Biotite <1%° : .Pleochroic light tan to greén.

Muscovite <1%

Zeolite or <i% . "Brown, sparkly, no change under crossed polars.

~glass shard

Unknown <1% Isotropic, green, non-pleochroic, moderate
relief, anhedral, perhaps being replaced by
calcite (green stain out into surrounding cal-
cnte) (about .1 mm).

Hematite <I1%
Magnetite <1% Discrete fresh grains. Some grains are perhaps
I lmenite being replaced by calcite. Many tiny (<.05 mm)

~grains floating in calcite.

Very difficult to estimate percent in this thin section because of .-
small grain size.

Texture: Angular to subangular grains in calcite matrix. Grains
‘ ~generally <.2 mm. Most grains completely surrounded by
calcite.

X-ray results; Quartz (82), calcite (78), Dolomite (6).
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Thin Section #7
Chimney Hills, Waéatch Formation- Marlstoﬁe ’

Calcite 74% . As cement and in veinlets as much as | mm wide.
Veinlets contain pieces of marlstone and a few
large (v.5 mm) quartz grains. Quartz may have
precipitated into open space in veinlet.

Calcite grains as much as V.7 .mm occur .in center
of veinlets but near edges grain size is much
less (.1 mm). :

Clastic grains 25%- Mostly very.small (<.1 mm) quartz grains. Mus-
: covite, calcite, biotite, and Fe-oxide are also
. present. Grains are floating in a matrix of

_calclte.
Magnetite <<l1% A few diécrete gralns. Some are partly altered
Iimenite to goethite (?) and some are fresh.

Textufe: Fine-grained (most grains ‘less than .1 mm). Angular.
Well sorted. In thin section rock has yellowish tinge

X-ray results: Calcite (124), Quartz (72), IMlite (11), Dolomlte
(8), K-feldspar (6), Kaolinite-?(3).

Thin Section #8

Chimney Hills, Wasatch Formation Sandstone (unaltered)

Quartz 31%: Some replacement by calclite. . Undulalory ex-
tinction (2V ~5°) on some grains. Oriented
perpendicular to C axis at one end of slide.

Calcite 45% Cement. Replaces quartz'and feldspar locally.

Lithic fragments 4% Brown. More rounded than other grains.

Feldspar 9% MICFOC]Ihe plagloclase and untwnnned feldspar

: (biax(-)). Plagioclase may be entirely re-

placed by calcite (twinning preserved).

Chert? fragments 8% May show slight feplacement by calcite. More

rounded.
Clay 1% Mostly from alterétion of silicate minerals.
‘Biotite <I% Pleochroic light tan to brown. Some altered to

chlorite with separation of opaque oxides. Often
bent. Interlayered calcite.
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Thin Section #8, continued

Muscovite <<%
Epfdote <<%

Chlorite.  <I%

Magnetite - <l%
llmenite

Hematite  <1%
Goethite

Void <<1%
Texture:

X-ray results:

Angular.

Fresh. Occasional quartz inclusion. Colorless.

Rare.

From alteration of biotite. Sometimes contains

,lnterlayered caIC|te Also occurs as discrete

grains.

Usually as small discrete grains. -A few:grains
are slightly altered to Fet*t oxide (goethite ?).

From alteration of magnetite.

Moderately well sorted (grains-.2mm or less).

Calcite (290), Quartz (138), Plagioclase (23),

K-feldspar (19), lilite (7), Kaolinite-.(6). -

Thin Section #9

Colorado Christiaﬁsen Mine, Wasatch Formation Buff sandstone

Quartz 53%
Calcite 32%

Biotite 3%

Clay 1% -~

Feldspar ‘1%

Goethite 1%
Hematite

Zeolite 7 1%

Eqgidote  <<1%

. Slight to pronounced undulatory extinction.

Cement and discrete grains.

Some appears to be réplaced by calcite. .. Pleo-:

chroic colorless. or light brown to green or
dark brown. Some altered. to chlorite with
separation of opaque oxides.

Mostly from alteration of silicate minerals.

Microcline (<1%). Mostly fresh.

-Plagioclase {<1%). Most is fresh. Albite
" twinning.

Yellowish brown with condenser in.
ation of inagnetite.

From alter-

Drown under plane Ilght and crossed polars.
Red (with condenser in) rectangular opaque,

|nclu510ns

A few scattered discrete grains.
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:A;Thin Section #9, continued

" Muscovite <I1% Colorless, Non-pleochroic. Discrete grains.
:_ Zircon <«<1% Rare scattered discrete grains.
i MaQnetite‘ <1% - Discrete grains. Usually slightly, sometimes
Ilmenite largely altered to hematite or goethite. Some
’ grains are aligned to give the appearance of
a veinlet.

‘ Lithic fragments <1% Chert fragments mostly.

Amphibbje '?<l% ‘A few scattered grains.
. Chlorite . <1% Mostly from alteration of biotite.
'Vuid_'i 6%

'Téxture‘ Angular to subangular Fair sorting. Grain as much as
) : +5 mm.

A X-réy results;_ Quartz (230), Calcite (73), Il1lite (6).

Thln Sectlon #10
Colorado Christiansen Grid 33, Wasatch Formation Pink sandstone schmoo

Quartz 28% : Mostly fresh. Slight to pronounced undulatory
A ‘ extinction. May also nccur in clusters of
grains (perhaps from veinlets). Edges may be
slightly replaced by calcite.

- Calclte 392 Cement. May completely replace some feldspar
: ’ graiins. Laiye ared several mm ofren has same
optical (crystallographic) orientation.

" Feldspar 14% Microcline has gridiron twinning. It may con-
: tain several ruunded yudi Lz Inclustons. 'May

be replaced by calcite. Some K~feldspar grains

have needlelike tourmaline (?) inclusions,

Plagioclase has albite twinning and sometimes

is replaced by calcite.

Lithic fragments 6% Brown nearly opaque with Inclusions of silféate

: : minerals. Some grains have opaque layers with
interstitial quartz(?). Often rounded, some
contain hematite grains. '

.CEert fragments 2% May contain other (dark brown) lithic fragments.

Clay4-2% Some grains completely replaced by highly bi-
o refringent clay.
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Thin Section #10, continued

Hematite 1% As discrete grains, cement in very localized

Goethite . - areas, and as clusters of small (.05 mm) dis-
crete grains with goethite?? cement. Also
occurs in lithic fragments. Discrete grains
may be (.25 mm) and may have chert(?) inclu-
sions. Most is from alteration of magnetite.

Tourmaline(?) <<l% Needlelike inclusions in k-feidspar. Pleo-
chroic -pale.green to dark green.

Pyroxene <<% Biaxial (+), partly altered to epidote.

Epidote <1% Discrete grains or alteration of plagioclase.
o ‘ May occur as cluster of grains with quartz.

Biotite. - 1% Mostly unaltered discrete grains. Contains
opaque inclusions. Pleochroic tan to brown
or brown to dark brown.

Muscovite - <l1% "Some grains contain quartz inclusions.
Magnetite <<1% Up to .25 mm large. As discrete grains almost
| Imenite always associated with and partly altered to

hematite. Many grains are entirely altered
to hematite. : '

Apatite <<l1% Rare, small inclusions in quartz.
Chlorite <1% Pleochroic colorless to light green.
Void 5%

Texture: -Angular, a few grains (quartz) rounded. Calcite cement.
X-ray results: Quartz (275), Calcite (88), Plagioclase (37),
: K-feldspar (18), I1lite (0).
Thin Section #11
Colorado Christiansen grid 54, Wasatch Formation Red sandstone
Calcité 36% ' Cement. Discrete portions encompassing several
grains goes extinct at same time (not entire

slide at once).

Quartz 33% Fresh, even to mosaic extinction. Sometimes
- occurs in clusters in lithic fragments.
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Thin Section #11, continued

Feldspar 4%

Chert fragments 10%

Clay 1%

Lithic fragments 6%

Biotite 2%

Muscovite 1%
Silica fragment <1%

Unknown <1%

Magnetite 41%
I Imenite
Epidote <I1%
Garnet <<%
Pyroxene <%
Hematite «1%

Chlorite <1%

Unknown 2 <1%

_rounded .

tan to brown.

Microéline.is-mostly fresh, "gridiron twinnfngf
Some plagioclase is altered to clay, albite
twinning. About equal abundance.

May contain grains of quartz with pronounced
undulatory extinction and occasional opaque
inclusions (in quartz). Often yellow or red-
dish brown. . :

Some silicate grains completely altefed to

clay. Some clay has low first order colors
and some clay has second order colors.

Mostly brown, nearly opaque. Usually more
May contain quartz and feldspar
grains. Some lithic fragments largely re-
placed by calcite, Some contain small dis-
crete grains of magnetite and/or ilmenite.

Often compressed by compaction. Pleochroic
May be almost opaque brown.

Seldom compressed by compaction.

Possibly cristobalite.

‘Biaxial (+), high first order colors, 2V>50°,

high relief, R.l. <calcite, ¢olorless, non-
pleochroic, cleavage? 90°?; non=parallel ex-
tinction.

Often partly altered tn hematite, somet imes
entirely altered. A few grains are fresh.

Discrete grains and as clusters of tiny grains.
|sotropic,; colorless, high relief.

Discrete gralns, slighl ieplaceinent by calcite.
Biaxial (-) 2vn60°, non-pleochroic.

Prohably mostly from alteration of magnetite.
May completely surround silicate grains. Lo-
cally cements silicate grains.

Uniax (-), 90° cleavage, moderately high relief,
non-parallel extinction, grain .5 mm. Nearly
centered figure, interference color gray to

black.
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Thin Section #11, continued

Unknown 3 <1% Reddish brown, uniax (=), high relief, first
_ order colors, nearly centered figure, non- '
pleochroic concoidal fracture. No color rings
in Interference figure, uneven extinction.
(Biotite??22?)

Void 3%

Texture: Angular, fair sorting. Generally little diagenetic change.
Calcite cement. Grain size generally .5 mm or less. Grain
boundaries are generally sharp.

X-ray results: Quartz (320), Calcite (200), K-feldspar (32), -Plagio-

clase (28). .

Thin Section #12

Colorado Christiansen grid 24, Wasatch Formation Red sandstone finger

Quartz 35% ' Fresh. Even to undulatory extinction.

Calcite 34% Cement. May occur in some altered biotite

~grains. Many small grains, whole sections do
not go extinct at one time.

Chert fragments 12% Discrete angular grains.

Lithic fragments 10% One large (v1.5 mm) lithic fragment contains

silica and Fe-oxide cement. Generally more

rounded. One fragment (v3.0 mm) contains hema-

tite and silica cement biotite, quartz, second
order birefringent clay, feldspar, silica ap-

pears to be later than Fe-oxide cement.

. Feldspar 3% Microcline is mostly fresh, gridiron twinning.

Hematite n 2% Coats most grains and forms cement in some
Goethlite places. Extensively stains the rock.
Clay 1% ' Some grains comp]etély altered to second order

birefringent clay.

Biotite <1% Pleochroic brown to very dark brown. May have
low first order colors. ' . o

Epidote <1% From alteration of plagioclase and as discrete
_grains. s
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Thin Section #12, contiﬁued

Magnetfte /4% Always partly or completely altered to hem-

Ilmenite . - atite. A few grains contain very little.al-
‘teration,
‘Muscovite <1%. Discréfé, frésh[ grains;
“Amphibole <1% A few small Aiscrete grains.
Pyroxéne <l%' A few discrete grains.
Silica <% Cement in lithic ffagmehts.

Silica (glass)? <1%
shards

Void <1%

Texture: Generally angular. Calcite cement. Largest grains
V.5 mm, rather small. Difficult to estimate percentage
of minerals because of small grain size.

X-ray results: Quartz (230), Calcite (120), Plagioclase (13), K-
feldspar (6).

Thin Section #13

Powder River Breaks, Wasatch Formation . Red sandstane
northwest of North Butte

Quartz 41% Fresh angular to subrounded grains. Some quartz
~grains may have some overgrowth of later quartz.
Slight to pronounced undulatory extinction.

Calcite 27% Cement.
Chert fragments 24% Sovme are iron stained.

Hematite 3% Surrounded by calcite. Uoethite is brown and

_Goethite . more translucent, uniaxial (-), occurs as vein-
lets, grain coatings, and as discrete grains
(.75 mm). Some hematite grains .75 mm. A few
hematite cemented fragments present.

Feldspar 2% Microcline (1%) is mostfy fresh, well developed
~gridiron twinning. Plagioclase (1%).
Magnetite <1% Mostly altered to Fet** minerals. Some rela-

ITmenite tively fresh grains do exist. Usually sur-
: rounded by Fe*** minerals.
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Thin Section #13, continued

Amphibole << 1% Partly.altered to calﬁite.
MuscoVitel< 1% ~

Biotite < 1% Some is altered to chlorite.
Chlorite < 1% From alteration of biotite.
Epidote << 1%

Garnet (?)< 1%

Void 1% Perhaps just holes in slide caused by pre-
paration,

Texture: Angular to subangular. Fair sorting. Grain size as
much as about .75 mm.

X-ray results: Quartz (265), Calcite (69), K-feldspar (13), Plagio-
clase (10), t1lite (3).
Thin Section #14

Hill west of Colorado Wasatch Formation  Hematite stained nodules
Christiansen grid

Goethite | 70% Cement.

Silicate minerals 30% Angular to subangular fragments in a sea of

Quartz and - goethite. -Feldspar is angular to subangular
Feldspar fragments in a sea of goethite.

Muscovite <<l1% Rare flakes.

Magnetite? << 1% A few tiny (.05 mm) scattered fresh grains of

I Imenite ' : what appears to be magnetite or ilmenite.

One edge of thin section has rim of silicate grains (up to about

.5 mm) in goethite and hematite cement. Silicate grains generally
have ahout .1 to .01 mm.rim of goethite with the remainder of the
cement being hematite.

Very difficult to estimate percentages because of small grain size -
of silicates,

Texture: Small (as much as .1 mm) angular to subangular silicate
(mostly quartz) fragments in extensive goethite matrix.

X-ray results: -Quartz (47), Goethite (19).
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Thin Section #15
Mid-Jeanette, Wasatch Formation Buff sandstoné

Quartz 55% - Undulatory extinction slight to strong. Often
has what look like exsolution lamellae (thin
aligned wormlike streaks). Occasional large
(1.5 mm) grains.

Feldspar 8% K-feldspar (5%) usually fresh, microcline
mostly. Plagioclase (3%) often has dusting
of clay.

Lithic fragments 10% A few are calcite cemented duartz fragments.
Mostly mud fragments.

Biotite ~ 3% Pleochroic light brown to brown. Biax (-)
2V about 0°. Many flakes parallel to plane
of thin section. O0ften partly altered to
chlorite with separation of opaque.

Clay 3% "Interstitial to grains. Also occurs in lithic
fragments but only the percentage of intersti-
tial clay was estimated. Some from alteration
of feldspar.

. Chlorite ~ 1% Probably from alteration of biotite. Pleo-
chroic very light green to green. Biax (-).
Small 2v.
Hemalile <<1% Apparently most is from alteration of magnetite.
Goethite
Amphibole <1% Pleochroic light tan to green biaxial (-).

Cut by quartz veinlets. Second order inter-
ference colors.

Epidote <<1% Scattered dlscrete grains and lrum alteration
: of plagioclase.

Calcite < 1% Common grains. In a few places occurs inter-
stitial to silicate grains.

Muscovite <1% Birdseye extinction. Some grains contain quartz
veinlets parallel to cleavage

Mégnetite < 1% Dnscrete grains often sllghtly altered to hema-

{ Imenite tite. A few grains are almost totally altered
to hematite.
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Thin Section #15, continued

Void 18%"

Texture: Angular to subrounded Moderately wel] sorted Indi-
+ vidual grains often. cut by quartz veinlets (<.1 mm) but
silica is not the cement. {Clay appears to be the cement
but rock is probably poorly consolidated. There are a
lot of void spaces around grains.

X-ray results: Quartz (610), K-feldspaf (60), Plagioclase (31),
: Smectite (18), Il1lite (10), Amphibole (5). -

Thin Section #16

Mid-Jeanette, Wasatch Formafion Buff sandstone (ore)

Quartz 50%

Lithic fragments 21%
Calcite 16%

Biotite 2%

Chlorite 2%

Clay v 1%

oY

Feldspar 2

Goethite < 1%
Hematite

Muscovite < 1%

Fresh. Does not appear to be réplaced‘by cal- -
cite. Most shows undulatory extinction.

Most are fine-grained. Some contain quartz
cemented muscovite grains (<.1T mm). Clay
cemented quartz, feldspar and amphibole grains
are also present.

Cement. Occurs in irregular patches which
make up about 2/3 of the rock (the rock is not
2/3 calcite).

Biaxial (=) 2vn5°. Pleochroic, most.is light
brown to brown but much less abundant color-
less to green variety (2V 10°) is also present
(possibly glauconite). Partly altered with
separation of leucoxene(?).

May be mostly from alteration of biotite.
Biaxial (-) 2vV>50°. Non-pleochroic.

From alteration of feldspar.

Mostly microcline (1%), fresh, well developed
gridiron twinning., Some plagloclase (<1%),
some has dusting.of clay, some completely
altered to clay,

Hematite mostly as alteration product of magne-
tite. A few discrete grains of goethite.

" Some grains contain interlayered calcite.
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Thin Section #16, continued

Amphibole < 1% Biaxial (-), second order.colors. A few scat-
tered grains. Not being replaced by calcite.

Magnetite <1% (v1/4%) . Sometimes.very slightly altered to
I Imenite ' goethite. ‘A few grains are. completely altered
‘ " to Fe**t minerals. Discrete grains. Calcite
surrounds Fet** oxide as well as magnetite
therefore is later.

Opadue << 1% Diséfete grains alfgned for ®.2 mm.
Garnet <i% Colbrless,“high relief.
Void 4%

Texfurc: Fairly well sokfodl grains as much as 1.5 mm but most
less than .2 mm. Angular. Irregular patches of calcite
cement., 4
X-ray results: Quartz (400), Calcite (122), K-feidspar (62), Plagio- .
clase (38), Il1lite (15), Smectite (14), Amphibole (10).
Thin Section #17

Middle Jeanette, Wasatch Formation Pink sandstone

Quartz L1% Fresh. Slight to distinct undulatory extinction.
Calclte 32% Cement.
Feldspar 5% Microcline (2%) is fresh. Well deve\oped grid-

iron twinning. Plagioclase (3%). Some large
(n1.5 mm) grains present with sericite inclu-
sions. Mostly fresh, some grains are exten-
sively altered to clay and some have sericite
inclusions. .

Chert fragments 8% Slightly less angular than silicate grainé.
Lithic fragments 7% More rounded, look 1lke clay balls. Brown.

Biofité 1% Some altered to chlorite. Pleochroic light
tan to brown or colorless to green.

Hematite 2% Small (1 mm) veinlets in calcite cement. Some-
Goethite ' . times forms grain coatings. Some but doubtful
that all is from alteration of magnetite. .In
a few places forms cement for a few silicate
~grains,
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Thin Section #17, continued

Cltay f% Mostly froh-glteration of feldspar. Some
. grains completely iargilized

Mica? < 1% 2vN0°, Biaxial (- ), colorless, moderate-hlgh
‘ rellef, second to third order colors (mostly
yellow), Phologopite? Two fair cleavages at
90° to each other. :

Muscovite <1% - Dfscrete grains and a few inclusions in plagio~
clase.

Chlorite < 1% Probably mostly from alteration of biotite.

Magnetite < 1% Discrete grains. Often with alteration rim of

IImenite hematite and some grains are completely altered.

Epidote < 1% Mostly replacement of plagioclase.

Amphibole ?< i% Discrete grains. Possibly pyroxene.

Void 1%

Texture: Angular. Several large grains 1-2 mm but most of sample
< .5 mm.

X-ray results: Quartz (325), Calcite (140), K-feldspar (36), Plagio-
clase (21), Il1lite (9), Smectite (5).
Thin Section #18

West Jeanette, Monument Peak, Wasatch Formation Pink sandstone

Quartz 35% Even extinction to pronounced undulatory ex=
. tinction. . .
Calcite 34% Cement.

Chert fragments 182, In some places appears to be interstitial to
_grains. Does not appear to be replacing any
minerals.

Feldspar 3% Microcline (f%) Plagioclase (2%) may be al-
most entirely altered to clay. Some gralns °
are very fresh looking. Albite twinning.

Blotite ~ 2% Pleochroic light to dark brown. Some altered
to chlorite.
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Thin Section #18, continued

Clay 2% Some silicate grains entirely. altered to clay.
Hematite 2% Hematite occurs as thin grain coating in most
Goethite of the slide and. as interstitial cement (?)

]ocally.+ Calcite is later than grain coatings.
Most Fet** is in hematite, very little goethite.
Locally hematite occurs as veinlets in calcite

cement.

Muscovite n~ 1% Colorless, some grains .5 mm long. Discrete
grains.

Chlnrite < 1% Probably from alteralion of biotitc.

lithic fragments <1% Brownish. Mostly clay.

Pyroxene 7 <I1% . Pefhéps amphibole. .

Epidote < 1% Rare discrete grains.

Magnetite < 1% Always partly or entirely altered to hematite.
I Tmenite '

Vold < 1%

Texture: Angular to subangular grains up to n.5 mm. Some grains
are more rounded.

X-ray results: Quartz (285), Calcite (120), K-teldspar (9), Plagio-
clase (8), Aragonite ? (5).

Thin Section #19

West Blowout Anomaly, Wasaltch Formation Buff sandslune

Quartz 22% Mostly fresh. Some cut by sericite veinlets.
Even to pronounced undulatory extinction.

Calcite 50% . Cement, replaces (partjally) some grains.
Chert fragments 6% Slightly more rounded than mineral grains.
: - Appear to contain slightly larger quartz grains
than chert in other thin sections.
Feldspar 8% Some microcline and plagioclase is.partly re-

placed by calcite.
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Thin Section #19, continued

Biotipe 2% ~ -Pleochroic colorless tQ green. Some altered
’ to chlorite. Some partly replaced by calcite.
Some altered with separation of opaque oxide.

-Clay 2% Some grains'complétely altered to cfay,'prob-
ably smectite.

" Lithic fragments v 1% More rounded,_smail silicate grains.

Chlorite <1% Probably from alteration of biotite.

Muscovite < 1% Discrete grains up to .5 mm long.

‘Hematite < 1% Usually as discrete fairly small areas. Hema-

Goethite tite coats a few grains but Fe*** minerals are
~generally not abundant. Hematite is surrounded

by calcite.

Amphibole < 1% A few scattered discrete grains.

Magnetite < 1% Generally less abundant than in other thin sec-

| Imenite tions of Wasatch Formation. Grains are gener-

ally fresh but commonly contain sljght‘hematiteA
alteration. At least one grain was partially
replaced by calcite.

Pyrite 7<< 1% Tiny grains in lithic fragment.
Void 7%
Texture: Angular to subangular. Grains up to Al mm. Calcite cement.

Fair sorting.

X-ray results: Quartz (205), Calcite (122), K-feldspar (26), |llite
(8), Plagioclase (7).

Thin Section #20
Black Butte, White River Formation Red sandstone float

Quartz 38% : Even to pronounced undulatory extinction. Some
' : quartz grains contain aggregate of quartz grains.
Some grains contain rough looking centers.

Feldspar  23% Microcline has gridiron twinning, mostly fresh.
Plagioclase has albite twinning. Is often
somewhat altered to clay. Some feldspar
grains rather rounded. Rim of Fe-oxided in-
clusion of feldspar.
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Thin Section #20, continued

Calcite 3%

Hematite 12%

Goethite

Lithic fragments 1%

Chert fragments 1%
Amphibole <1%

Epidote 7 < 1%
Muscovite < 1%

Biotite <1%

Isotropic mineral <%

Magnetite << 1%

About all is hematite stained and the percen-
tage estimate is a real shot in the dark. .Seems
to form cement in some areas. Hematite stained
calcite may form most of the cement.

. Both minerals may be present. Hematite is by

far more abundant. Hematite is.the cement,
surrounds most grains, and occurs as veinlets.
Hematite shows a polygon type fracturing similar
to mud cracks. Hematite may replace silicate
grains. :

Some as large as 2 mm, argilized and intensely
fractured minerals cut by quartz veinlet,

quartz velinlet shows good undulatory extinction.
Many lithic fragments appear to be mostly clay
and are rounded. Magnetite and/or ilmenite
accurs in some quartz rich lithic fragments.

Many are iron stained or have inclusions (?)
of Fe-oxide possibly from alteration of pyrite
or magnetite.

Sometimes several grains together as lithic
fragment.  Some grains have quartz (?) inclu-
sions.

Sometimes intermixed with hematite.

Discrete gralns.

Pleochroic light tan to brown.

Partly altered to highly birefringent (second
order) clay. Very low relief, no cleavage,

pussibly quartz.

A few fresh grains, some are surrounded by cal-

limenite cite. Tiny grains occur in some lithic frag-
ments.

Void  20%

Texture: Grain size is .5-2 mm for most of thin section. Angular

: to subangular, fair sorting. Fe-oxide cement. Cement

replaces feldspar in several places.

Some silicate

grains somewhat rounded (sub-round).

X-ray results:

Quartz (154), Calcite (24), K-feldspar (13), Plagio-
clase (11). :
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Thin Section #21

North Butte Aﬁphftheatre, Wasatch Formation

Pyrite = 52%

Quartz 36%

Feldspar 2%

Chert fragments 6%
Lifhitﬁfragménts 1%

Biotite 13
Chlorite < 1%

Muscovite < 1%
Epidote << 1%

Hematite < 1%

Goethite

Clay < 1%

Texture:
pyrite.

'Completely replaces some grains.

Metallic sandstone

Cement.. Most pyfite is fine-grained groundmass

but some grains as much as .25 mm are present.
Even to pronounced undulatory extinction.

Microcline and plagioclase.

" Angular not rounded like in other thin sections.

Appear to he mastly clay.

Pleochroic light tan to brown and colorless to
green.

Sometimes occurs in lithic fragments and from
altered biotite.

Discrete grains.
Rare discrete grains.

Discrete areas, some are perhaps lithic frag-
ments. Seem to be enclosed by pyrite cement.

Highly (second
and third order) birefringent.

Angular silicate grains (<5 mm) are floating in a sea of

X-ray results: Quartz (77), Pyrite (58), K-feldspar (5), Plagio-
clase (4).

Thin Section SL105-2

Blowout Anomaly, Wasatch Formation

Quartz 43%

- Feldspar 6%

Small, 1" high roll front
Distinct to slight undulatory extinction. Con-
tains a few zircon inclusions.

Plagioclase (3%) Some fresh, some intensely
argilized, a few sericite inclusions.
K-feldspar (3%) Microcline has good gridiron
twinning. Usually fresh. Some is altered to
epidote. :
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Thin Section SL105-2, continued

Lithic fragments .12%. Generally orangish brown in thin section. Sub-

Chert fragments 15%

Clay 2

[

Magnetite < 1%
limenite

Apatite <<l1%
Muscovite < 1%

Zircon <<l1%

Chlorite 7 < 1%

Biotite < 1%

Pyroxene < 1%

Chlorite < 1%
Epidote < 1%

Garnet << 1%

Pyrite 7 <<I1%

angular usually. . Very fine grained but some-
times contain larger silicate grains. Color
changes very little when polars are crossed.

Generally very fine grained. Grains ére gener-
ally subangular. :

~ Second order colors, some is from alteration of

plagioclase.

Discrete grains usually slightly, occasionally
almost entirely, altered to hematite or less
commonly goethite. Some grains may be pyrite
altering to hematite.

Inclusions in biotite.
Birdseye extinction. Grains as much as ] mm long.
Inclusions in biotite and quartz.

From alteration of biotite (brbwnish) and detri-
tial (greenish).

Pleochroic light tan to dark brown or green.
Partly altered to chlorite (?) with separation
of opaque (red) oxides. Some has small zircon
inclusions, May occui in sunbursts. Some bio-
tite contalns apatile and zireon inclusions.

Biaxial (+), high 2V, pleochroic very light
green to green, two cleavages at 45°, high
relief, first order colors. Occasional discrete
yrdins. Occasionally contain center nf quartz.

Some discrete grains. Some probably from alter-
ation of biotite. '

" A few discrete grains. Some appears to be from

alteralivin of feldspar.
High relief, coloriess, angular.
Possibly a few grains in a lithic fragment.

Possibly some grains that appear to be magne-
tite altering to hematite are pyrite. ‘
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Thin Sectioh~SL105-2, continued

Hematite < 1% Both minerals occur throughout.slide. They

Goethite appear to be somewhat more abundant. at top &
bottom (altered areas). In unaltered area
magnetite grains. may be. somewhat less altered
but .this is rather speculative.. There is no
distinct difference between altered and un-
altered areas on slide.

Void 19%

Texture: Angular, fair-good sorting. Very poorly cemented, perhaps
a little clay cement. Maximum grain size is generally .5
mm. Sediment has been compacted, biotite grains bent
around other grains.

X-ray results: Quartz (<<100), K-feldspar (1), Plagioclase (14).

Thin Section SL105-2 stained, continued

Description of two areas that show slight radioactivity from auto-
radiograph.

Area 1 (slight amount of radioactivity detected (two spots)).

Area contains abundant hematite. Hematite contains abundant opaque
inclusions.. Some opaques associated with biotite. Yellowish brown
rims on most sillcate grains; this is true of silicate grains in the
general area but rims are more intense in area #l. Some hematite
may be from altered pyrite, small discrete six-slded subhedral grains.
Some silicate grains completely altered to clay.

Area 2 (very slight amount of radioactivity detected (one spot)).

Area contains common opaque grains which do not appear to be hematite.
Grains look more brownish (goethite?). Some hematite is present
however, occurs as small red grains in a lithic fragment. Silicate
grains do not have oxide coating. Some silicate grains completely
altered to clay.
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Thin Section SL105-1

Description is similar to SL105-2. Three areas of slight radio-
activity were detected by autoradiograph.

“Area 1 (one lightly exposed spot on film)

Area contains small amount of opaque material. Grains do not contain
hematite coating. Exposed spot on film may be due to zircon in bio-
tite grain. One cluster of possible hematite after pyrite is present.
Some feldspar grains completely replaced by clay..

Area 2 (two light exposed spots)

Abundant brownish red hematite (or perhaps goethite) grains and
cement. One area (1.2 mm) contains abundant hematite cement. Some
opaque materjal does not have red rim under condensed light and may
be anhedral pyrite. Some cement may be pyrite. The source of the
radiation 15 not appdrent.

Area 3 (rtwo llyhtly exposed spots)

Opaque material is common, biotite is abundant. Most of the opaque
does not appear to be hematite. Some opaque grains are inclusions

in lithic fragments. Some silicate grains completely altered to
clay. A few hematile grains appear to be present. Source of radio-
activity is not apparent, :
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Stratigraphic Sections Measured on North Butte

2.85Km
175 Mi
White River Formation

——

Wasatch Formation

Conglomerate
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massive sandstone

Fine - to medium-grained
‘massive sandsione
Crossbedded sandstone

Calcareous sandstone

n Carbonaceous sandstone

Siltstone
@ Claystone

150 45.7
Cloystone,bentonitic
7 229
50 15.2
Vertical scale in feet
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Plate |

Shale
E Carbonaceous shale
. Coal

Limestone

Sandy limestone

Calcareous sandstone
concretion

Limestone concretion

@ Covered

ﬂ Red sandstone
(commonly uranium bearing)

Vertica' scale In meters

Adapted

From Love,I977, Unpublished Report
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