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ABSTRACT

Desert varnish on volcanic rock assemblages of southern
Nevada is composed largely of iron, manganese, silica, and
alumina rich amorphous compounds. Thin section and
scanning electron microscope observation reveals that
desert varnish occurs chiefly as thin discontinuous
translucent films that impregnate rock surfaces
intergranularly to depths typically of 0.1-0.3mm. varnish
encrustations and laminations are less common and tend to
concentrate in minute recesses. Manganese is commonly
concentrated at the coating-air interface and within
coating interlayers. Iron exhibits more consistent
background levels but is often concentrated at the coating-
rock interface. Higher iron/manganese ratios and total
combined iron and manganese in coatings on mafic rocks, and
high cerium levels in coatings on rocks enriched in cerium
and other rare earth elements, suggest a genetic
relationship with underlying host rocks.

Mass balance calculations indicate sufficient
background levels of both iron and manganese in the
substrate of most rocks investigated to provide all
manganese and iron requirements for desert varnish
formation from only a few mm depths. An iron-manganese
depletion zone and secondary layer of cementation near tuff
surfaces point to a possible solution front leach origin

similar to that which forms caliche in aridic soils.
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Desert varnish is absorbent relative to felsic host
rocks at wavelengths below about 0.7 to 1.3um, depending on
mafic affinity of the sample, and less absorbent than mafic
host rocks at higher wavelengths. The thin discontinuous
nature of desert varnish results in dominance of lithologic
spectral response in the longer wavelength Landsat thematic
mapper (TM) bands and high TM 5/2 values over felsic units
that support extensive desert varnish. Portable
spectroradiometer measurements of variably coated felsic
rock surfaces indicate a linear relationship to radiation
absorption by varnish within the TM band 2-4 range, but
about half that at longer wavelengths and a pronounced
reduction in varnish absorption on surfaces with less than
"heavy" varnish development. Reflectance divergence is
pronounced in band 3. Rock-varnish albedo differences
(RVAD) help identify rocks with extensive varnish, using
visible/near infrared imagery.

Highly evolved late magmatic differentiates, enriched
in large ion lithophile and other "incompatible" elements,
exhibit unusually steep spectral curves (positive slopes)
from about 1.5 to 2.2unm, leading to anomalously low 5/7
values. A binary decision rule flow-diagram and table of
imagery characteristics for a general igneous rock

classification is presented.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES

This dissertation documents results of research into
the nature, composition, morphology, distribution, origin,
spectra, and relationships of Landsat imagery to secondary
mineral coatings (chiefly desert varnish) on a diverse
suite of volcanic host rocks derived from three Tertiary
calderas in southern Nevada. The study included original
mapping at one of the study sites; correlation of volcanic
lithologic, petrochemical, spectral, and Landsat 5 thematic
mapper (TM) data; and extensive laboratory instrumental
analyses. Imagery enhancement and classification
techniques were employed to document the application of
remote sensing data to geologic mapping problems in

volcanic terrain.

STATEMENT OF PROBLEM

This research effort developed out of concern over the
degree to which secondary mineral coatings might affect
remote sensing reflectance measurements. Fundamental to
answering this question was development of an improved
understanding of the nature and origin of secondary mineral
coatings and the degree to which variations in chemical
composition and other properties of coatings correlate with

host lithologies. The study, therefore, was designed to






better understand the nature and origin of desert varnish
and other secondary weathering, cooling, and alteration
products. As such, data and information provided by this
investigation could be important to several geoscience
disciplines and related fields, including geochronology,
geomorphology, and archaeology as well as geologic mapping
and visible/near infrared remote sensing applications.
Detailed evidence is presented in Chapter V to help explain
the source of iron and manganese in desert varnish.
Reflected electromagnetic sensing techniques measure
reflectance from surficial cover only. Cover classes in
most natural Earth circumstances include consolidated rock
outcrop, detritus, vegetation, and soil. Outcrop and rock
detritus surfaces are altered to varying degrees by normal
oxidation weathering processes. Secondary mineral and
amorphous compounds result through complex organic and
inorganic chemical processes that vary with climate,
physiography, topography, sun orientation, and rock type.
These secondary rock and soil surface weathering
considerations bear importantly on interpretations of
reflectance data and spectral information collected over
them. 1In the case of outcrop and rock detritus, surficial
coatings resulting primarily from secondary weathering
processes are detected to varying degrees depending on

intensity and distribution of secondary coatings and the



wavelength of the measured radiation.

GENERAL EXPERIMENTAL APPROACH

A six-phase investigative program was pursued: 1) A-
priori imagery analysis without significant familiarity
with the geology of the study sites; 2) field
investigations involving sampling of 1lithologies and
coatings, portable visible/near-IR spectral measurements,
general observations, and ground based photography; 3)
further imagery analysis based on field experience and
mapping results; 4) laboratory instrumental analysis; 5)
correlation of spectral and imagery data with lithologic,
petrochemical, and desert varnish characteristics and: 6)

final field and imagery correlation and verification.

MAJOR SCIENCE QUESTIONS ADDRESSED
The following major science questions were addressed by
this study for the volcanic rock assemblages at each of the

3 study sites:

1. What secondary mineral and amorphous phases occur on

the surface of the diverse volcanic rock assemblages?

2. What is the nature, morphology, composition, extent,
distribution, and compositional and morphological zoning

relationships of secondary mineral coatings?



3. What is the origin of desert varnish and other
secondary mineral coatings and the source of component

elements?

4. What correlation exists between variations in desert
varnish and host rock 1lithologic and petrochemical

properties?

5. can desert varnish or other secondary mineral coatings

be detected and mapped by Landsat thematic mapper imagery?

6. To what extent does desert varnish and variations in
varnish maturity influence the lithologic discrimination of

Landsat thematic mapper imagery?

7. How are visible/near-infrared spectra of volcanic rock
assemblages affected by variations in rock lithology and

petrochemistry?

8. What thematic mapper imagery processing techniques
could be applied to enhance the discrimination and mapping
of volcanic rock assemblages in diverse global environments
based on the spectral influence of both rock properties and

desert varnish?



RESEARCH ACCOMPLISHMENTS

The following points are central to the major

accomplishments resulting from this investigation:

l. Secondary mineral coatings on the various volcanic rock

assemblages were identified and characterized.

2. Desert varnish compositions, morphology, vertical and
horizontal zoning characteristics, and distribution were

observed and documented.

3. A model for the origin of desert varnish was
formulated. It suggests a 1likely source for iron and

manganese.

4. Lab and field spectral measurements were collected over
various volcanic rock assemblages with varying degrees of

varnish distribution and intensity.

5. Genetic and spectral relationships were characterized
between desert varnish and host rock lithologies and

petrochemistries.

6. Correlations were documented between rock lithology and

petrochemistry and lab and field spectra.



7. Landsat thematic mapper imagery models, tables, and
binary decision flow diagrams were outlined to aid volcanic

rock discrimination and mapping.

8. Rock-varnish albedo difference was utilized to assist
varnish detection using Landsat thematic mapper product

tape digital data and imagery.

9. The effects of varying degrees of varnish intensity and
distribution on thematic mapper band reflectance values

were outlined.

10. Imagery-unit maps were correlated with volcanic rock
assemblages at each of the 3 study sites and related to

petrochemistry and desert varnish.

11. The Stonewall Mountain-Mount Helen calderas area was
mapped to a scale of about 1:60,000 using Landsat imagery

as a base.

12. Results of this investigation were reviewed in context

of potential global and planetary applications.

13. The investigation helps focus attention on areas where
additional research is needed to further both scientific

understanding and remote sensing applications.



STUDY SITES

RATIONALE FOR SELECTION

The three study sites selected for investigation
(Figure 1) provide superior settings in terms of outcrop
exposure, structural and stratigraphic preservation,
volcanic rock type diversity, and a pre-existing data base
collected by previous researchers at The Mackay School of
Mines, principally Professor Donald C. Noble. These
special attributes are largely a consequence of both
location - the semiarid southwest U.S. - and relatively
youthful origins. Each of the 3 principal study areas is
approximately 14.6 x 14.6km square, encompassed for
convenience exactly within a 512 x 512 pixel Landsat 5 TM
subscene.

These study sites exhibit similarities as well as
diversities. Each site centers on or straddles a well
defined youthful caldera structure with discrete ash flow
tuff deposits and associated lavas, flow domes, and
subvolcanic intrusive bodies. Each center was the source
of multiple outflow ash sheets that extend from the
calderas up to 30 km distally. Some of these major
pyroclastic deposits are distinct petrochemically, mostly
in regard to iron content, both divalent and trivalent
forms. Devitrification, vapor-phase alteration, and

welding history also vary from unit to unit and within
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FIGURE 1. Location of the study sites within Nevada, U.S.A.: Kane Springs Wash caldera,
Stonewall Mountain caldera, and Black Mountain caldera.



units. Intracaldera lavas and shallow volcanic intrusive
rocks, moreover, exhibit even greater diversity of chemical
and textural properties. Calc-alkalic suites, ranging from
rhyolite to basalt, occur at both the Stonewall Mountain
site, where they interfinger with more unusual peralkaline
flows from the Stonewall Mountain eruptive event, and at
the Kane Springs Wash volcanic center.

Both the climate (semiarid) and the physical and
chemical diversity of rock types provide an ideal setting
to study desert varnish and other secondary mineral
coatings and their effect on remote sensing measurements.
Vegetation is sparse - typically less than 30% of ground
cover with virtually no overhanging canopy - and soil
development relatively inorganic. Thus spectral response
is largely lithologically driven. Cloud cover is normally
minimal during most of the year, but snow caps mountain
peaks throughout Nevada most of December to April. Desert
varnish is pervasive and well developed. The diverse
physical and chemical properties of the volcanic host rocks
provided an excellent laboratory for study of varnish
formation, its distribution, and its relationship to host

rocks under diverse host rock conditions.

LOCATION AND TOPOGRAPHY
The Kane Springs Wash volcanic center is located in

southern Lincoln County, approximately 110 air km NNE of
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Las Vegas in the Delamar Mountain Range (Figure 2). Access
is facilitated by an excellent graded dirt road that
connects the town of Caliente due south with Federal
Highway 93 about 30km south of Alamo. Roads within the
study area are sparse, poor, and unimproved. Topographic
relief is moderate to high. Elevations vary from about
1070 to 1980m.

The Stonewall Mountain study site (Figure 3) is located
in western Nye County 35 air km SE of Goldfield, Nevada.
The project boundary straddles the eastern margin of the
Stonewall Mountain caldera and the western margin of the
Mount Helen caldera. The actual mountain of "Stonewall"
itself lies west of the study site. The property is wholly
within the Nellis Air Force Base bombing range which has
mactive" status throughout the year. Access is by prior
arrangement with the Range Commander at Nellis in Las Vegas
subject to security clearance, during brief nonactive times
such as weekends or range clean-up periods. Military
escort is normally required. Topographic relief is modest:
elevation varies mostly within 200m with two isolated
elevation extremes at about 1520 and 1830mfor the low and
the high. The majority of the area is relatively flat.

The NW corner of the Black Mountain study site (Figure
3) lies 8km SE of the Stonewall Mountain project boundary.

The site centers on Black Mountain and the Black Mountain
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caldera structure. Access is, again, as with the Stonewall
Mountain site, through the Commander at Nellis Air Force
Base in Las Vegas. The site is a "manned area" not subject
to bombing exercises, so field parties are not restricted
to weekends and other rare isolated "nonactive" periods.
Military escort is, however, normally required. Topography
is more rugged than at Stonewall. Elevation ranges from
about 1830m on the pediment NW of Black Mountain (Gold

Flat) to 2205m at its summit.

CLIMATE, VEGETATION AND SOIL

The climate throughout the Basin and Range province in
which the study areas lie is classified semiarid. High
desert conditions prevail. Annual rainfall varies from
about 7-15cm on average at Stonewall and lower elevations
at Kane Springs Wash to slightly more at higher altitudes
at Kane Springs and Black Mountain. Winter temperature at
the study sites is mild but can reach freezing during the
early morning hours or for a few days at a time. Summer
days are hot - commonly in excess of 32 degrees C and can
exceed 38 degrees C for a few days at a time.

Vegetation types at Stonewall Mountain and Black
Mountain have been identified and compiled by Helen Cannon
of the U.S5.G.S. (Noble, et al., 1964). At the Stonewall
Mountain area, which is dominated by alluvial and colluvial

material rather than saltier soils proximal to playas and
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by a dearth of moisture at least within the study scene,
the following xerophytic halophytes dominate: winterfat
(Eurotia lanata), narrowleaf saltbush (Atriplex linearis),
horsebrush (Tetradymia sp), budsage (Artemisia spinescens),
and shadscale (Atriplex Eonﬁegtiﬁglia). At the somewhat
higher elevations of Pahute Mesa which includes Black
Mountain, shrubs include: Mormon tea (Ephedra sp),
rabbitbrush (Chrysothamnus sp), horsebrush (Tetradymia sp),
gooseberry (Ribes montegenum), sagebrush (Artemisia sp),

bitterbrush (Purshia tridentata), Stansburys cliffrose

(Cowania stansburiana), showberry (Symphoricarpos
parishii), four-wing saltbush (Atriplex canescens),
skunkbush (Rhus trilobata), and mountain mahogany
(Cercocarpus ledifolius). Herbs include: lupine
(Lupinus), cryptantha (Cryptantha), heliotrope (Phacelia),
penstemon (Penstemon), paintbrush (castilleja), sandwort

(Arenaria), groundsel (Senecio), rockcress (Arabis),

primrose (Qenothera) gilia (Gilia), and wild buckwheat
(Eriogonum). At higher elevations on the slopes of Black
Mountain trees include pinyon, juniper, and Gambels oak
(Pinus monophylla, Juniperus osteosperma, and Quercus
gambelli, respectively). Grasses are represented chiefly
by foxtail and cheat grass.

Surface cover at both the Black Mountain and Stonewall
Mountain areas is dominated by soil, rock float, and

rock/mineral detritus, rather than vegetation. Typical
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terrain at the Stonewall site supports sagebrush as the
dominant vegetative type. Proportion of sagebrush cover is
typically 25-30%, rarely greater. At Stonewall sagebrush
is by far the most dominant vegetation component, and of
the 3 study sites, Stonewall is the most barren. At Black
Mountain, where average annual precipitation is greater,
both sagebrush and atriplex are heartier, larger, and
locally more dense. On the slopes of Black Mountain a
sharp line commonly demarks a zone where foxtail and cheat
grasses persist upslope toward the crest of Black Mountain
where rabbitbrush and mormon tea are prevalent. The mesas
immediately west of Black Mountain, which are underlain by
Gold Flat Tuff, sport juniper and pinyon trees at a
proportion of cover up to 10-15% in places.

Relief at Kane Springs Wash is more extreme than at the
other 2 study sites and peaks and mesas attain greater
elevations. The site is "rockier" in general, with more
precipitous slopes and greater outcrop exposure; however,
the remote sensing advantage of greater rock exposure is
countered by shadowing and vegetation. Vegetative types
are dominated by sagebrush, single-leaf pinyon, and
juniper. More alkalic and rocky soils support shadscale,
greasewood, and rabbit brush. Foxtail is a dominant grass.
Lower elevations, particularly the higher alluvial fan
regions at canyon mouths and canyon floors, are populated

by creosote, black brush, agave, yucca, cholla and prickly
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pear cactus.

Imagery over higher elevations (northern portion of the
study scene) at Kane Springs is influenced significantly by
moderately dense groves of pinyon and juniper (30-40%).
canyon floors and local drainage basins with relatively
high moisture containment and consequent riparian
representatives are also locuses of spectral contamination.

Soils at these study sites are dominantly aridisols.
They are relatively dry, sandy, mineral rich alkalic soils
with low organic accumulations. Soil composition, color,
and spectral characteristics, therefore, are dominated by
rock source material. Variably but typically minor
accumulation of salts and sulfates is characteristic.
Caliche horizons are evident at many sites at Stonewall
Mountain. Azonal soils (entisols) are present in washes
and recent alluvial plains. More organic rich mollisols
correlate with the riparian growth in the washes and other
small localized containment basins at Kane Springs and on
mesas and elevated zones at Black Mountain and Kane Springs

Wash.
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CHAPTER II

METHOD OF INVESTIGATION

This section and accompanying appendices detail
research activities and the investigative techniques of
each of the major phases of study: Landsat data
acquisition, field work, imagery processing techniques, and

laboratory analytical methods.

LANDSAT DATA ACQUISITION AND SENSOR DESCRIPTION

The 3 study areas are encompassed within 4 contiguous
Landsat 5 thematic mapper (TM) scenes. Appendix A 1lists
scene identification data and satellite collection dates
for products acquired for this research. Data for all
bands (1-7) were requested on regular consumer product
computer compatible tapes (CCT’s). For the most part,
scenes acquired in mid-summer through fall are of better
quality due to abatement of vegetative activity, clear
skies, and low atmospheric moisture.

Scenes were read onto disk and preliminary examination
was conducted in the winter, 1986, at the Mackay School of
Mines’ image processing center. Subscenes, 1024 x 1024
pixels in dimension, were selected over each study site.
Cloud cover in each of these imagery takes is virtually nil
and Rayleigh scatter in the lower wavelength bands is

minimal. Water vapor absorption effects in bands 2, 3, 4,
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5 and 7 appear unimportant for our study objectives.

Both histogram and black body (deep shadow zone)
methods of determining atmospheric scatter were applied.
In each scene, atmospheric scatter was extreme in TM band 1
but was not detected in bands 2 and greater. Although
minor atmospheric scatter is likely in band 2, decreasing
exponentially through higher band numbers, it does not
appear significant. This observation may be due largely to
sensor sensitivity variation within band intervals. Peak
sensor response in band 2 is at the maximum wavelength for
the band interval 0.595um (Markham and Barker, 1985).
Subscenes were further reduced to 512 x 512 pixel
dimensions for most detailed imagery processing to maximize
monitor resolution, data integrity, and field control.
These final subscenes are approximately 14.6km square and

adequately cover the areas of interest.

LANDSAT IMAGERY APPLICATIONS IN TERRAIN ASSESSMENT

Descriptions of the thematic mapper remote sensing
system have been presented by Engel (1980), Engel and
Weinstein (1982), Engel et al. (1983), and Sabins (1987).
Taranik (1978a) and Taranik and Trautwein (1977) describe
in detail geologic remote sensing applications of Landsat
multispectral data. Computer processing techniques were
further outlined by Taranik (1978b). A series of papers by

Hunt (1977), Hunt and Ashley (1979), Hunt and Salisbury
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(1970), and Hunt, Salisbury, and Lenhoff (1973a, 1973c, and
1974), present spectral data and mineral and rock spectral
libraries for visible and near-infrared reflectance.
Earlier work on silicate mineral spectra was published by
Clark (1957).

In general, the thematic mapper instrument, mounted on
the Landsat 4 and 5 satellites launched in 1982 and 1984,
respectively, is an advanced Multispectral Scanner System
(MSS). Sensor details are presented in Appendix B. These
satellites were launched in polar orbit at an altitude of
705km. Fourteen and a half orbits are accomplished each
day with a 7.6% overlap at the equator and overflight at 40
degree latitude at approximately 10:30 local sun time. The
thematic mapper makes solar reflectance measurements over
the 0.45 to 2.35um spectral region in 6 discrete bands.
Another broad thermal band measures emitted radiation
between 10.4 and 2.35um at 120m ground resolution. The
thermal region is not being considered in this study. The
sensor operates by the cross-track scan principle,
utilizing an oscillating scan mirror at a scan angle or
angular field of view of 14.9 degrees, collecting data over
a 185.2km swath. Scenes are truncated at 170km north to
south. The instantaneous field of view is 0.043 mrad
resulting in a ground resolution cell of 30 x 30m. There
is no on-board data recording system. Data is either

transferred to one of several Tracking and Data Relay
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Satellites (TDRS) which relays the data to ground based
antennas, or is directly transmitted to the ground.
Computer processing techniques are used to better
display differences in spectral reflectance thereby
enhancing select lithologies and surface alteration types.
Overall rock reflectivity tends to increase in the visible
and near-IR interval of the electromagnetic spectrum to a
maximum typically at about 1.5um (TM Dband 5).
Reflectivity of reddish colored iron oxide minerals is
greatest in the red portion of the visible spectrum, .6-
.7um (TM band 3). Secondary clay minerals, which exhibit
relatively intense reflectivities throughout the visible
spectrum, register an absorption peak at about 2.2um (TM
band 7). Other hydrous minerals, sulfates, and carbonates
possess similar spectral properties, with absorption minima
also near 2.2 - 2.3um (Hunt and others, 1970, 1973a, 1979).
By selecting bands positioned at maximum spectral
contrasts for various surface cover types, computer
enhancement techniques can be used to improve tonal
contrast or provide distinctive color contrast on false
color composites (Taranik, 1978b and Trautwein and Taranik,
1978). Lithologic differences detected using visible and
near-infrared spectra are related to iron content (Baird,
1984a and 1984b, and Rowan et al., 1974 and 1977).
Discrimination of hydrothermal and supergene alteration

using narrow band visible and near-infrared reflectance
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data has been reported by Abrams et al. (1977), Farr
(1981), Podwysocki et at. (1983), and Segal (1983). The
intensity, saturation, and hue (ISH) transform has been
successfully applied to TM data for cover type
discrimination recently by Borengasser et al. (1984) and
Haydn et al. (1982).

Manipulation of bands and transform images in various
combinations both by trial and error and by analysis of
spectral bands with unique properties helped identify
certain bands, complex transformations, and hybrid image
combinations that provide superior lithologic enhancement
at the study sites. Reflected electromagnetic remote
sensing techniques detect surficial spectral phenomena
(less than about 50um depths for clay minerals and goethite
at 0.9um radiation, according to Buckingham and Sommer,
1983). Thematic mapper band 3 spectral reflectances of the
iron oxide minerals and reflectance in band 7 are related
to variations in composition of clay and other secondary
hydrous minerals. Band 5 has proven to provide best
spectral separation for most cover types. These 3 bands
provide superior spectral contrast between lithologies of
the 3 project areas for reasons addressed in Chapters VII
and VIII. Hybrid ratio color composites and ratios that
include one or more of these 3 bands enhance spectral
contrast between lithologies and display these differences

as unique colors on images. Principal component (PC)
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analysis is an especially effective means by which to
display spectral variability. The first principal
component (PCl) contains by far the majority (typically 85-
95%) of variance between bands largely as a function of
topographic reflectance effects. It is a very high
contrast single "band" image. Spectral variability
displayed by subsequent PC’s 1is less influenced by
topographic effects and tends to exhibit reflectance
intensities related to surface cover. Because the project
sites are dominated by rock and rock product cover, PC2
largely displays spectral variance associated with
lithology. Spectral variations displayed by PC3 correspond
quite closely with 4/3 ratios, which tend to display
spectral effects related to vegetation. Vegetation is very
bright on 4/3 images.

ISH transformations seem to work well in the project
areas with bands 3, 5 and 7. Combining ISH transformations
with individual bands or band ratios (always contrast
enhanced) results in high contrast images. An intensity
parameter image of bands 1-2-4 combines well with bands 3
and 5 or 7 and circumvents redundancy of spectral
information. ISH saturation or hue images with bands 2-4-7
in combination with bands 3 and 5 or 3/1 and 5 is another

effective example.
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ANALYSIS OF IMAGERY DATA

Imagery analysis was conducted on the Mackay School of
Mines’ VAX 11/780 based Electromagnetic Systems
Laboratories (ESL, a subsidiary of TRW Inc.) Interactive
Digital Image Manipulation System (IDIMS) and a compact
personal computer image analysis station (Appendix C). The
IDIMS software package contains over 250 application
functions (Appendix D) implemented by command language or
menu.

Prior to conducting the field phase, and in advance of
any significant knowledge of the study areas, image
analysis was conducted on each of the 512 x 512 subscenes
described in the section on "Data Acquisition" above. This
a-priori approach was intended to result in delineation of
remote sensing units without bias from field experience.
Subsequent field sampling was then designed, based in part
on units delineated spectrally. Sample sites were selected
to include distinctive remote sensing units in terms of
color, tone, texture, or pattern characteristics. Further
imagery processing was then conducted in the fall of 1986,
after the previous summer’s field work. The aim of
subsequent imagery manipulation and assessment was to
refine enhancement techniques and to maximize contrast
between rock units with benefit of direct field experience
with coatings and lithologies.

For each subscene the images presented in Table 1 were
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TABLE 1.
LANDSAT 5 THEMATIC MAPPER
IMAGES AND IMAGERY COMPOSITES ROUTINELY
ANALYZED AT THE STUDY SITE

INDIVIDUAL BANDS: 1,2,3,4,5,7

BAND RATIOS: 4/3, 3/1 or 3/2, 5/1 or 5/2, 5/7, 5/4

SIMPLE BAND COMPOSITES: 3-2-1, 3-5-7, 5-3-1, 3/1-5/7-4,
2-4-7, 2-4-7, 5/7-5/4-3/1
ISH: individual intensity (I), saturation (S), hue (H)

on bands 3-5-7 and 1-3-5
ISH COMPOSITES: bands 3-5-7, 1-3-5, 1-2-4, 2-4-5
PRINCIPLE COMPONENTS: individual PC’s 1,2,3,4,5,& 6
COMPOSITE PC’s: 1-2-3, 2-3-4, 1-2-4, 1-2-5, 2-4-5
COMPLEX COMPOSITES: bands 3-5 or 7-I,S or H (bands 1-2-4;
3/1-7-1, S or H (bands 2-4-5;

3/1-5/7-1, S or H (bands 2-4-5;
3 or 3/1, 5 or 5/7, PC 1 or 2
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produced and photographed with the system’s Dunn camera
peripheral on 35mm film. Although image composites other
than those listed in Table 1 were reviewed, these band
relationships and imagery renditions were determined to
represent best contrast relationships between lithologies
and desert varnish. Rationale behind the selection of
these bands and the enhancement techniques will follow in
subsequent chapters. Each individual band image and
composite image was linearly contrast stretched, using the
IDIMS scaling function (Appendix D) usually at a .5
truncation of brightness values at either end of the
brightness range. All composites were color encoded, using
the three primary colors, red, green, and blue. Some of
the more effective images were spacially enhanced by an
edge enhancement technique to sharpen boundaries between

imagery units and to enhance linear features.

FIELD INVESTIGATION

Field work was accomplished during the summers, 1986
and 1987. Approximately 490 samples were collected from
230 sites (Plates 1, 2, and 3). Samples included bags of
thin chips hosting desert varnish and other secondary
surface coatings; petrographic samples for character
reference, thin section, scanning electron microscope (SEM)
observation, energy dispersive X-ray analysis (SEM-EDX),

and geochemical analysis; and larger (15x15cm) slabs for
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spectrographic measurements. Most sites were photographed.

An attempt was made to acquire reasonably complete
sample coverage from both imagery and lithologic
perspectives. Thus, distinct imagery units (color and gray
level contrast), discerned from the initial pre-field image
processing phase, were sampled as well as formationally
differentiated units shown on the geologic maps available
for each area. samples of unmapped units, including ash
flow members, subvolcanic intrusives, vapor-phase altered
zones, densely welded zones, air-fall tuffs, and basal
glasses, were also collected. A 7.5 minute topographic
quadrangle base map Wwas used for sample site notation at
Kane Springs and 15 minute gquadrangle maps used at both
Stonewall Mountain and Black Mountain. Scale of the 15
minute guadrangle maps compares well with 8x10 inch
enlargements of 35mm photos taken by the Dunn camera
peripheral.

Ground-based 35mm photographs were "framed" to
encompass representable scenes including outcrop, soil,
regolith, and vegetation to serve primarily as reference
logs to scene spectral compositions. Distance shots were
also collected to show both stratigraphic relationships and
sample locations.

Field spectra were collected during the 1987 field
season from 95 samples at over 50 sites from the Stonewall

Mountain and Black Mountain study areas. Spectral samples
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were collected from some plants as well as rock surfaces
and from surfaces with variably developed desert varnish on
a common host rock. Due to both field and tape retrieval
problems only 81 spectral curves were recovered. A
portable infrared imaging spectroradiometer (IRIS) built by
Geophysical Environmental Research, New York, N.Y. was
used. The sensor head mounts on a tripod. It is a dual
beam system that looks at both reference and sample targets
simultaneously to reduce fluctuation in source energy.
Incoming radiation is modulated in phase by a tuning fork
chopper and directed through the optical system to two
parallel input detector modules. The system operates over
the spectral range from 350nm to 3.0um and alternates
gratings on a motor-driven mount. A CMOS microcomputer
operates and digitizes the measurements and stores them in

CPU memory. Data is output on magnetic tape.

LABORATORY RESEARCH

Analytical investigations of coatings began in the fall
of 1986. Since then 87 thin sections have been cut and
studied to varying degrees of detail and 58 X-ray
diffraction (XRD) analyses completed. Scanning electron
microscope (SEM) studies have been conducted on over 30
samples, most of which were probed compositionally with the
systems energy dispersive X-ray system (EDX) . These

analytical probes focused on secondary mineral coating
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compositions and underlying rock compositional zoning
within weathering cortexes. Infrared spectrometric
analyses were performed on 22 samples. Geochemical
analyses including inductively coupled plasma (ICP), X-ray
fluorescence (XRF), neutron activation (NAA), and wet
chemical methods (all performed by Chemex Labs, Inc.,
Vancouver) were run on 69 samples including a complete
profile of 26 for 60 elements, and major and trace element
analyses on weathering rinds and powders of desert varnish.
Specific gravity measurements (picnometer) were taken on 25
samples for mass balance considerations. Beckman 1lab
spectra (visible and near~IR) were run on 23 samples.
Density slice gray level measurements were collected from 6
coating photographs and SEM images. The suite of samples
selected for these applications represent the major
volcanic units present at each of the 3 study sites as well
as the diverse coating types observed. Detail on the

specific methods employed are presented below.

INSTRUMENTAL TECHNIQUES

THIN SECTION PETROGRAPHY. Some 86 thin sections were
prepared. Most were cut perpendicular to the rock surface
and exhibit surface coatings. Sections typically extend
down into the host rock a centimeter or two. In this
geometry boundaries between surface coatings and underlying

host can be observed and relationships noted. Each section
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was prepared by a Nevada Bureau of Mines and Geology
technician with explicit instructions to maintain section
edges and edge thicknesses in order to preserve coatings.
Petrographic investigations were conducted on a standard

binocular petrographic microscope.

X-RAY DIFFRACTION. Coating materials from surface
ships and subsurface zones of 58 representative rock units
were extracted for X-ray diffraction (XRD) analysis. The
extractive technique involved briskly and lightly vibrating
fine powder-size material from the rock surface with an
electric scribe mounted with a carbide steel tip. Some of
the extraction was accomplished under a Baush and Lombe
zoom binocular scope. Although the scribe has both diamond
and tungsten carbide tips available, these harder points
were avoided since they tend to drill deeper beneath the
surface coatings into underlying fresher rock. Still, much
of the coating compositions collected in this manner
contain primary rock contaminants. To improve sample
purity, powders were screened to 100 mesh to exclude
coarser particles likely to involve underlying primary
minerals, then ground in an agate mortar prior to mounting
on a glass slide for X-ray analysis. (Greater than 90% by
volume of the particles extracted from the rocks were less
than 100 mesh, 0.147mm before grinding.) Thus only minor

material beyond this thickness (0.2mm) appears to
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contaminate the samples.

All samples were X-rayed on one of Mackay’s Philips
Norelco XRD instruments and 2 theta measurements calibrated
to a known quartz standard. Samples were saved in numbered

glass vials.

SEM. Scanning electron microscope studies were
conducted on a JEOL T300 scanning electron microscope,
equipped with an energy dispersive X-ray systen (EDX), at
the U.S. Bureau of Mines Reno Research Center. Over 30
samples were scanned and compositional probes tabulated for
coatings, weathering rinds, subsurface 2zones of calcium
enrichment, fresh rock interiors, and individual mineral
grains. Both standard polished sections and polished thin
sections were created for sample mounts. Textures were
observed in low KeV mode and photographed. Coating
encrustations were photographed and compositional 1line
scans and color composition maps plotted. The EDX system
measures the characteristic line spectra emitted from the
sample when the instrument is placed in high KeV mode. The
unit is equipped with a Peak Instruments wavelength
spectrometer for carbon analysis. The imagery processing

peripheral is manufactured by Princeton Gamma Tech.

INFRARED SPECTROPHOTOMETRY. Twenty-two samples

including coating powders, subsurface weathering bands,
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rock interiors, and 2 opal and manganese oxide standards
were scanned on the University of Nevada Chemistry
Department’s Perkin-Elmer model 599 Infrared
Spectrophotometer. Samples were mixed with and made into a
KBr pellet and compared to a pure KBr pellet. A 3-minute
scan time was used from 2.5 to 50um (4000-200 wavenumber)

and graphed on a log scale.

DENSITY SLICE. Gray level density slice measurements
of 6 photographs of ash flow tuff surfaces hosting
moderately mature coatings were collected on a Dapple
Systems optical image analysis system at the U.S. Bureau
of Mines. The unit utilizes a Panasonic movie camera and
an Apple IIe image processing peripheral. Gray level
histograms are presented on a scale of 0-255. Gray levels
thought visually to represent coated surfaces were compared
to gray levels of fresh rock surfaces exposed within the

photographic frame.

VISIBLE/NEAR-INFRARED LAB SPECTRA. Visible and near-IR
spectral measurements, comparing coated to uncoated
surfaces, were plotted on the Jet Propulsion Lab’s Beckman
UV5240 UV-Visible-NIR spectrophotometer. The instrument
uses a diffraction grating as its dispersion element, a
tungsten source lamp and a halogen reference tube. Twenty-

three samples, representing some of the more variable rock
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types at the study sites were measured for spectral

character between 0.4 and 2.5um.

CHEMICAL ANALYSES. Inductively coupled plasma (ICP)
analyses of coatings, weathering rinds, rock interiors, and
one carefully prepared subsurface weathering band, were
analyzed for major elements, H,0, CO,, S, and selected
trace elements. In addition, 26 whole rock samples were
analyzed by diverse methods (Appendix E) for 60 elements.
Analyses for rare earth elements (REE) were performed by
neutron activation analysis (NAA). Analyses were performed
by Chemex Laboratories in B.C., Canada. ICP is an
especially effective type of atomic spectroscopy in which
samples are "atomized" by a super heated argon gas plasma
and emission spectra analyzed for absorption peaks
representative of the various elements present. NAA is a
relatively new analytical procedure based on production of
radioactive nuclei from stable nuclei subjected to
irradiation by a flux of neutrons of variable energies.
Activation of the sample is followed by direct measurement
of the induced gamma or X-radiation, using a gamma-ray
spectrometer. X-ray fluorescence (XRF) operates through
excitation of atoms by primary X-rays of known continuous
energies. Emitted fluorescent radiations from the sample
are diagnostic for the elements and the intensity directly

related to the elements proportion in the sample.
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CHAPTER III

GEOLOGY OF THE STUDY SITES

All three study sites are located in southern Nevada in
the center of the Basin and Range province (Figure 1).
Regional tensional stresses initiated in mid-Tertiary time
are usually invoked to explain the province’s
characteristic topography and neotectonic setting. More
than 20 major volcanic ash flow sheets and 8 caldera
collapse structures have been recognized (Eckel, 1968;
Ekren, et al., 1971; and Byers, et al., 1976). A
relatively young (mid to late Miocene), chiefly silicic
volcanic caldera structure with associated intracaldera
javas and tuffs and outflow sheets of ash flow
characterizes each of the three study sites. Moreover,
these 3 volcanic centers are members of a suite of unusual
peralkaline rhyolitic deposits present in the western U.S.
(Noble and Parker, 1974). Each area is well preserved and
well exposed. Pre-Tertiary rocks consist primarily of mio-
eugeosynclinal Paleozoic rocks.

Inasmuch as this investigation has focused on the
origin of secondary mineral coatings and the relationships
they bear with underlying host rocks and Landsat TM
imagery, this chapter will concentrate on detailed
descriptions of individual volcanic units. Petrochemical

properties of the units will be correlated independently
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with Landsat TM imagery in Chapter VI and VII. Rock
assemblages at each site are described in order of

decreasing age, insofar as relative ages are understood.

STONEWALL MOUNTAIN AREA

The study area at Stonewall Mountain actually involves
two separate and independent caldera structures - the
Stonewall Mountain caldera and the slightly older Mount
Helen caldera east of Stonewall. Caldera margin faults are
approximately 6 miles apart and the Landsat work scene
selected for this site overlaps both (Figure 3). The
geology of the area was mapped at a gross scale (Figure 4)
and described by Ekren et al. (1971). Figures 5 and 6 are
ground-based photographs of the area.

Stonewall Mountain itself consists of an intracaldera
complex composed of a complicated sequence of pyroclastics,
volcanic breccias, and flow dome complexes (Foley, 1978).
The eruptive event was quite young, relative to the
southern Nevada volcanic field in general - 6 to 6.3 Ma
(Noble et al., 1984). The study site encompasses a two-
component outflow ash sheet from the Stonewall volcanic
system - the Stonewall Flat Tuff, which consists of a lower
pumice rich ash flow deposit, the Spearhead Menber,
overlain by a thinner, typically more densely welded ash
flow member, the cCivet Cat Canyon Tuff. The Civet cCat

Canyon Member was auto-oxidized during deposition and is a
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COLOR PHOTOGRAPH

Figure 5. Stonewall Mountain area. Photo taken on outcrop
of Antelope Springs rhyolite, central eastern edge of study
site looking west. Stonewall Mountain is in background.
Note orangy to brown mineral coatings on the rhyolite.
Bright orange patches are lichen.

Figure 6. Stonewall Mountain area. Outcrop of densely
welded Civet Cat Canyon Tuff, showing an example of well
developed but typically discontinuous desert varnish.
Photo taken at western border of study site, looking north.
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distinctive deep reddish maroon brown color which forms a
dark chocolate brown supergene coating. Both ash flow
members are underlain in places by whitish pumice-rich
airfall tuff of varying thickness, and both are composed of
composite intraformational units within one major cooling
unit. More descriptive lithologic detail is presented in
the following section. Outcrops within the Stonewall study
area are subordinated by alluvium and shallow regolith.
Enhanced imagery tends to emphasize rock talus and detritus
adjacent to outcrop as well as outcrops themselves.

Flows from the Mount Helen caldera are dominated by a
felsic suite of tuff and lava ranging in composition from
rhyolitic to latitic. Ekren et al. (1971) named the entire
section the Antelope Springs Formation. The Antelope
Springs appears to be older than the Stonewall Flat tuff of
Stonewall Mountain since the Spearhead Tuff was observed
overlying and onlapping the Antelope Springs Rhyolite at
localities both in the eastern and western parts of the
study area. Younger basalt flows, possibly part of the
Mount Helen eruptive event, are present at two isolated
localities within the work area. The basalt 1is younger
than the prominent Mount Helen caldera rim fault, which it
overlies at an isolated occurrence recognized on Landsat TM
images.

The collapsed western margin of the Mount Helen caldera

is delineated by a normal fault distinctly shown on Landsat
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images. The fault is bound on the west by quartzite
pebble/cobble gravel, probably old pre-caldera alluvial
deposits and on the east by the felsic Mount Helen flows.
Table 2 1lists the important volcano-tectonic events in
chronological order thought to have occurred at the
Stonewall site.

The Stonewall study site is covered with sparse (25-30%
average), low plant growth, chiefly sagebrush. The area is
unique among the 3 in monotony and dearth of vegetative
cover. Bright orange 1lichen does, however, populate the

felsic deposits of the Mount Helen center.

ANTELOPE SPRINGS FORMATION

Rhyolitic to latitic tuffs and lavas, whose source is
believed to be the Mount Helen caldera since unit
distribution centers on that volcanic center, occur over
much of the Stonewall study area. Ekren et al. (1971)
assigned these rhyolitic to rhyodacitic rocks to Tuffs of
Antelope Springs. The usual sequence within the project
area is dense quart:z porphyry rhyolite 1lava capping
friable, poorly welded, fine grained tuff which overlies
reddish ferruginous crystal rich latitic flows. Shallow,
subvolcanic intrusive varieties are also present. These
two lithologies are distinct and mappable; however, their
designation as upper and lower Antelope Springs is project

oriented and not intended as a formal stratigraphic



SEQUENCE OF VOLCANO-TECTONIC EVENTS AT
THE STONEWALL MOUNTAIN STUDY SITE

Intracaldera Deposits of Stonewall Mountain
Complex sequence of intracaldera extrusive and subvolcanic rhyolitic to latitic flows
and breccia bodies.

STONEWALL MOUNTAIN CALDERA COLLAPSE

Civet Cat Canyon Tuff of Stonewall Flat Tuff
slightly peralkaline trachyte to high silica rhyolite ash flow tuff with a glassy cap
rock.

Spearhead Tuff member of Stonewall Flat Tuff
slightly peralkaline, highly evolved rhyolite ash flow tuff.

Late Basalt
vesicular, olivine basalt flows, intra and extracaldera, possibly sourced from Mount

Helen caldera from a later structure.

MOUNT HELEN CALDERA COLLAPSE

Rhyol ite Porphyry of Antelope Springs Formation
Densely welded ash flow tuffs and quartz porphyry lavas, commonly hydrothermal ly
altered, undertain by less dense tuffs.

Quartz Latite Porphyry of Antelope Springs Formation
Crystal rich extrusive and subvolcanic latitic lavas and tuffs.

TABLE 2. Volcanic and structural evolution of the Stonewall and Mount Helen study site
(compiled with help from Ekren et al., 1971, and Noble et al., 1984).

42
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assignment. The section is typically faulted, fractured,

and often hydrothermally altered.

QUARTZ LATITE PORPHYRY. In the project area the
lowermost Antelope Springs unit forms latitic crystal rich
lava and shallow subvolcanic intrusive bodies. The
formation is a mottled cream color with lacy dark to pastel
red iron oxide staining. From thin section, albitic
plagioclase phenocrysts (An=apx.5% by a-normal method)
comprise about 15-30% of the rock. Rounded quartz
phenocrysts make up approximately 5-10%, set in a very fine
aphanitic groundmass. 1In some parts of the unit resorption
is displayed by abundant cellularly textured plagioclase
and heavily embayed quartz phenocrysts. The groundmass
exhibits devitrification spherules and radiating fans of
feldspar. Resorbed, fragmented biotite crystals at about
1% proportions were observed. The weathering surface is
unstable and secondary mineral coatings poorly developed.
The unit forms low hummocky hills and weathers to a friable
to moderately dense pebble to cobble size float. Sagebrush
is the dominant vegetative cover with some grasses. Whole
rock and trace element geochemistry for units from the
Mount Helen caldera are given in Table 3 and general
comparisons among all major Stonewall site units tabulated
in Table 4. This basal (within the project site) Antelope

Springs deposit is a high silica, potassium rich latite to
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(89) (12) (93)
Latite Basalt Basalt
66.00 48.00 47.80
7.05 8.09 7.89
2.7 8.00 8.02
2.12 6.01 5.92
.70 3.64 3.33
0.35 1.00 1.34
37 1330 1285
2.50 2.07 2.68
2.27 0.83 1.01
940 1700 2680
51 33 30
B8 70 68
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*+ Oxides reported in percent and elements in ppm unless noted otherwise,
in appendix. Rhyolite and latite are from the Antelope Springs Formation. Fezo.‘,’ represents

total iron.

Analytical methods are
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subalkaline rhyolite. The unit contains slightly high

cesium and barium.

RHYOLITE PORPHYRY. Capping latite of Tuffs of Antelope
Springs is a distinctively light colored rhyolite sequence
consisting of friable white pumice lapilli tuffs commonly
overlain by densely welded quartz porphyry tuff (Figure 5).
The lava sequence contains abundant (50%) medium grained
guartz-eye phenocrysts, sanidine, and alkali feldspar.
Breccia textures are present in places. Coatings on the
felsic rocks are immature and very poorly developed. They
are yellowish orange, cream to buff in color with rare
patches of thin gray to very dark gray patina. The lavas
are quite dense and tend to develop a thin (1-2mm)
porcelaneous rind in the immediate subsurface (few mm)
below weathered surfaces. Bleached rinds indicate
depletion of ferromagnesian constituents. One of the more
conspicuous features of the felsic deposits in outcrop is
the presence of abundant rosettes of orange lichen. In
places they blanket outcrop and float to greater than 30%
areally and must contribute somewhat to the spectral
composition. Another feature significant to remote sensing
is the common presence of shallow alluvial outwash detritus
adjacent to felsic rock outcrops. These unconsolidated
deposits can be spectrally identical to adjacent outcrop.

The unit forms steep slopes, cliffs and knobs where it is
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either densely welded tuff or intrusive in origin. Float
from the unit tends to be joint-bound and blocky.
Vegetation is typical for the Stonewall site in general -
mostly sagebrush - and indistinct (Table 4).
Petrochemically, Antelope Springs rhyolite is a somewhat
alkaline rhyolite with slightly high mercury, thallium, and

thorium (Table 3).

LATE BASALT

Alkali olivine basalt, probably derived from the Mount
Helen caldera, occurs at three sites in the Stonewall study
area. Each is a relatively small exposure (less than 2km
in any dimension), but the unit stands out in stark
spectral contrast to surrounding rock types. The basalt is
very dark gray, aphanitic and vesicular. It forms thin
gently dipping flows that onlap the flanks of two ridges
supported by Tuff of Antelope Springs. The basalt overlies
and is younger than the prominent Mount Helen caldera
margin fault that transects, north-south, the eastern half
of the study area. In thin section the basalt is
characterized by thin laths of plagioclase in a trachytic
texture with some biotite and other mafic minerals in a
microcrystalline groundmass. Desert varnish tends to form
very thin shiny coatings with a characteristic conspicuous
silvery sheen. The basalt is dense and massive and occurs

as salient cliffs along mesa ledges and rough "mal pais"
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flats strewn with subangular boulders. This unit is
relatively low in silica with high amounts of phosphorous,
scandium, vanadium and low amounts of uranium and thorium
relative to other deposits at the Stonewall site (Table 3

and 4).

STONEWALL FLAT TUFF

The Stonewall Flat Tuff is the outflow sheet from the
Stonewall Mountain caldera. The formation was
characterized stratigraphically by Noble and others (1984)
and includes two members: Spearhead Tuff and younger Civet
cat Canyon Tuff. Each member is a separate cooling unit
composed of several subflows. Whole rock, minor, and trace
element analyses for Stonewall Flat Tuff are compiled in

Table 5 and Appendix F.

SPEARHEAD MEMBER. The Spearhead Tuff is the lowermost
member of the Stonewall Flat Tuff. 1In the project area the
member is composed of moderate to densely welded flows of
rhyolitic ash flow tuff (Figure 7). Outcrops are typically
grayish brown to grayish tan, occurring either as densely
welded prominent mesa top ledges or less welded, less
resistant slope formers. The unit consists of moderate to
abundant and variously deformed pumice fragments up to
several inches in length and contains 5 to 10% phenocrysts

of sanidine with minor gquartz and albitic plagioclase
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CULQR PrHOTOGRAPH

s

Figure 7. Stonewall Mountain study area. Outcrop of
welded Spearhead Tuff. Welded zone forms ledge overlying
glassy base. Photo taken at northern boundary of study
site, looking north.

- > N

Figure 8. Photomicrograph of Spearhead Tuff from Stonewall
Mountain. Crossed nichols at 10x. Light colored
birefringent mass in lower half of photo is secondary
calcite. Note vagquely darker fringe of desert varnish at
the top of the sample.
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(Figure 8). Rare clinopyroxene, olivine (fayalitic), sodic
amphibole, and Fe-Ti oxides are reported by Noble and
others (1984). Geochemical investigations by Noble and
Parker (1974) and Noble (1979) indicate the tuff is
slightly peralkaline, very highly evolved, with 1low
europium/europium*, extremely low strontium, magnesium,
barium, cobalt, and nickel and relatively high in the rare
earth elements, zinc, zirconium, beryllium, and cerium
(Table 5 and Appendix F). Hafnium content is exceptionally
high. Coatings are grayish tan on moderate to poorly
welded zones, very dark chocolate brown on densely welded
zones. The unit sheds thick, rough slabby float and is

dominated by sagebrush growth (20-30% of cover).

CIVET CAT CANYON MEMBER. The Civet Cat Canyon Tuff is
the uppermost member of the Stonewall Flat Tuff and
overlies the Spearhead Member (Figure 6). The unit was the
subject of a focused investigation by Weiss (1987), who
conducted detailed mapping west of the project boundary.
civet cCat Canyon Tuff is separated from Spearhead Tuff by
basal vitrophyre and locally by white pumice-rich airfall
tuff. In outcrop and hand specimen the Civet cCat Canyon
Tuff is a distinctive brick-red brown to reddish chocolate
in color due to microscopic secondary amorphous iron oxide
that is believed to have formed during auto-oxidation of

the unit during or immediately after deposition (Figure 9).
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-

R Gte ;v-‘

Figure 9. Photomicrograph of Civet Cat Canyon Tuff cut
normal to and including the weathered surface. Plane light
at 1lox. Dark reddish brown patches at top of photo are
desert varnish. Dark irregular streaks in lower third of
photo are interstitial primary (autooxidation) hematite,
characteristic of Civet Cat Canyon Tuff.
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The unit is very densely welded and granophyrically
crystallized. It occurs primarily as mesa caps in the
study area. Thicknesses range from about 2 to 5m. Civet
Ccat Canyon Tuff is a slightly peralkaline crystal ash flow
rhyolite tuff with about 10-15% phenocrysts of sanidine-
anorthoclase and is distinctive from the Spearhead Tuff
Member in hand specimen most reliably by the presence of
biotite phenocrysts. Clinopyroxene, monazite, and Fe-Ti
oxides are accessory minerals. Coatings are usually well
developed and very dark chocolate brown to dark gray
chocolate. A thin glassy cap rock, dark gray brown to a
striking pastel red in color occurs at several localities.
This unit was differentiated as the cap rock of Civet cCat
Canyon by Hausback and Frizzell (1986) and where red or
orange in color it produces striking imagery contrast with
surrounding cover. civet Cat cCanyon Tuff discards thin
platy float a few inches to a few feet across. It supports
sagebrush and grasses, and vegetation is indistinct for the
unit. The unit contains slightly high amounts of thorium,
barium, and rare earth elements, and low amounts of
strontium, vanadium, and magnesium relative to other rock
assemblages at the site (Table 5). The cap rock subunit

contains slightly higher fluorine.

BLACK MOUNTAIN CALDERA

The Black Mountain study site consists of a concise
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well exposed, relatively small caldera complex, the margin
of which is completely encompassed within the work area
(Figure 10). The geology has been described by Cornwall
(1972), Noble et al., (1964, 1968, and 1984), and Noble
and Christiansen (1968 and 1974). Volcanic units are more
numerous and diverse than at the Stonewall Mountain study
area and were apparently produced in part by multi-collapse
events. The center is believed to have been active between
about 6.5 to 8.5 Ma ago. Ground-based photographs of the
Black Mountain area are exhibited in Figure 11 and 12.

The Black Mountain eruptive sequence overlies older
lavas and tuffs, felsic in composition. The only other
non-Black Mountain unit at the site is a small isolated
outcrop of Paleozoic limestone. The Black Mountain
volcanic pile consists of intracaldera lavas and tuffs and
an outflow ash sheet - The Thirsty Canyon Tuff (Noble,
et al., 1964). Table 6 tabulates volcanic and structural
events at Black Mountain, taken from Noble and Christiansen
(1974). Four collapse events appear to be represented at
the caldera, each preceded by major ash flow eruptions.
The flows alternated initially between subalkaline and
comenditic (light colored peralkaline volcanics)
compositions with a general trend toward greater
peralkalinity upsection. Intracaldera and outer rim lava
flows followed caldera collapse. Compositions of lavas

vary, but often resemble those of preceding ash flow
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COLOR PisuTCORAPH

Figure 11. Black Mountain study site. Photo taken from
the SE border of the study scene looking west at stratified
Gold Flat ash flow beds in the foreground and the summit
of Black Mountain underlain by Trachyte of Hidden Cliff in
the background.

Figure 12. Photograph of the Black Mountain study site
showing outcrop of vapor phase altered Gold Flat Tuff.
Photo taken in west central part of study site, 1looking
north.
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TABLE 6. OUTLINE OF THE VOLCANIC AND STRUCTURAL EVOLUTION
OF THE BLACK MOUNTAIN VOLCANIC CENTER, SOUTHERN NEVADA.
ARRANGED IN ASCENDING ORDER OF AGE.

(From Noble and Christiansen, 1974)

Basalt of Basalt Ridge
K-rich hypersthene normetive

Labyrinth Canyon Tuff (Distal Spearhead Tuff from the Stonewall Caldera)
Comendite; probably erupted from central vent of Hidden Cliff volcano.

Trachyte of Hidden Cliff
Trachyte and mafic trachyte with peralkaline potential; forms central volcano within
post-Gold Flat caldera.

CALDERA COLLAPSE

Gold Flat Member of the Thirsty Canyon Tuff
Pantel lerite produced by extreme fractionation of comendite magma.

Lavas of Pillar Springs
Trachyte with peralkaline potential; subalkaline and peralkaline silicic lavas; forms
central volcano within caldera.

PROBABLE CALDERA COLLAPSE

Trail Ridge Member of the Thirsty Canyon Tuff
Compositionally zoned from subalkaline rhyolite to quartz latite.

POSSIBLE CENTRAL RESURGENCE
Rocks of Yellow Cleft and Unnamed Lavas
Trachyte and syenite with peralkaline potential to comendite; mafic trachyte; forms
central volcanic complex within caldera.

MAJOR CALDERA COLLAPSE

Pahute Mesa Member of the Thirsty Canyon Tuff
Vertically zoned upwards from comendite to quartz latite.

Unnamed Comendite Lavas
found as lithic fragments in the Spearhead Member.

PROBABLE CALDERA COLLAPSE

Rocket Wash Member of the Thirsty Canyon Tuff
Subalkaline and/or transitional rhyolite and low-silica rhyolite.

Lavas of Ribbon CLiff
subalkaline trachyte to quartz latite; forms a low volcanic edifice centered where
caldera later formed.
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eruptions suggesting cogenetic magmas. Two to three
generations of scalloped caldera margin scarps and
associated talus were recognized by Noble and Christiansen
(1968), indicating repeated instability of the caldera
margin in some places.

In brief, the depositional history of Black Mountain
can be represented by alternating sequences of lava and ash
flow eruptions. Prior to the initial caldera formation,
Lavas of Ribbon Cliff extruded to form a low volcanic
edifice (Noble and Christiansen, 1974). The unit is
present in the western half of the study area. After Lava
of Ribbon Cliff was deposited, the lowermost member of the
Thirsty Canyon Tuff, the Rocket Wash Tuff, was extruded,
then minor lava flows and Pahute Mesa Tuff, then the first
definite caldera collapse. These units are represented by
minor exposures in the study area. They are spectrally
indistinct and undifferentiated for our purposes. These
tectono-volcanic activities were followed by intracaldera
lava eruption (Rocks of Yellow Cleft), then deposition of
the Trail Ridge Member of Thirsty Canyon Tuff, which was
likely followed by caldera collapse. After Trail Ridge
Tuff deposition, a chemically and spectrally similar lava
flow, Lavas of Pillar Springs, were erupted. They form a
significant portion of surface cover along the north and
the eastern portions of the study area. Finally, the Gold

Flat Member of Thirsty Canyon Tuff was deposited. Gold
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Flat Tuff is the youngest ash flow at the volcanic center.
It postdates final caldera collapse and is a rare unit
compositionally (pantellerite, Noble, 1965). The formation
is a highly evolved peralkaline comendite end-member with
greater than 4% iron content.

The final event at Black Mountain was central volcano
fill by dark trachyte and mafic trachyte lavas with
peralkaline affinities. The Labyrinth Canyon ash flow
deposit which occurs in isolated intracaldera patches on
the flank of the central volcano was later reassigned on
the basis of both geochemical and paleomagnetic deduction
(Noble, et al., 1984) to distal Spearhead Member of the
Stonewall Flat Tuff. Ash flow members of Stonewall Flat
Tuff tend to have lower concentrations of hafnium, thorium,
ytterbium, lanthanum, and rare earth elements. Hafnium is
thought by Noble and others (1984) to be especially
diagnostic of Spearhead Tuff.

The ash flow deposits at Black Mountain exhibit
vertical zoning indicative of a chemically zoned magma
chamber. The Pahute Mesa Member for example grades upward
from high silica, high ytterbium, and high heavy rare earth
elements and low light rare earth elements to low silica,
low ytterbium, and both low heavy and low light rare earth
elements. The lower zone would seem therefore to represent
more evolved magma.

Vegetative cover is greater at Black Mountain than at
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Stonewall and exerts a greater influence on Landsat
radiance measurements. There are three general mappable
vegetative cover classes at Black Mountain: sagebrush and
atriplex dominant, grass dominant (chiefly foxtail and
cheat grass), and mixed =zones with Jjuniper and pinyon.
Vegetation will be discussed in more detail below as it
influences spectral response over individual units. Since
some of the lavas and tuffs at Black Mountain are
indistinct in terms of imagery character, they are grouped
together in the categories that follow. In general,
however, units are described in order of decreasing age.
Geochemical analyses are tabulated in Tables 7, 8, and 9
and Appendix G. General characteristics of units are

compared in Table 10.

OLDER LAVAS AND TUFFS

Deposits of the Black Mount Caldera overlie older lavas
and tuffs, which are exposed in the western portion of the
study area (underlying Quartz Ridge). These units are
distinctive in outcrop and hand specimen. They are
relatively silicic, leucocratic, and coarsely granular as a
result of abundant phenocrysts of quartz and alkali
feldspar. They are more heavily fractured and tend to host
more yellowish limonitic coatings than other units at the
Black Mountain site. Breccia textures and hydrothermal

alteration occur 1locally. The older lavas and tuffs
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weather like granite, forming rounded sloping outcrops and
large exfoliated boulders. They are responsible for the
rugged, mountainous terrain of Quartz Mountain in the
western project area. Vegetation is largely grasses with
some low evergreens. The section is basically subalkaline
with slightly high arsenic and antimony and low manganese
and magnesium where altered by hydrothermal solutions

(Table 7).

LAVAS OF RIBBON CLIFF AND PILLAR SPRINGS. Two major
extrusions of lava preceded ash flow sheets between each of
the 3 or 4 caldera collapse events. (Noble and Weiss,
1986, now believe there were 3.) They are, from older to
younger, Lavas of Ribbon Cliff and Lavas of Pillar Springs.
Each unit is composed chiefly of trachyte. Lavas of Ribbon
Cliff include latitic flows (Noble and Christiansen, 1974).
Lavas of Pillar Springs tend toward peralkaline character
(Nobel and Christiansen, 1974) and are similar to Trail
Ridge Tuff geochemically (Tables 7 and 8) and spectrally.
They form "beehive" mounds in outcrop due to exfoliation-
like weathering parallel to viscous contorted flow
structure. Coarse granitic textures are a consequence of
abundant alkali feldspar phenocrysts with minor guartz and
biotite. Coatings are generally poorly developed on these
flows whose surfaces are unstable, subject to rapid,

mechanical degradation. Desert varnish, where present, is
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dull brown to dull reddish brown in color. Lavas of Pillar
Springs form rugged terrain with a labyrinth of short
canyons and a fortress-like geomorphology (Figure 13). The
unit can contain slightly high thorium, tin, zinc,
zirconium, beryllium, fluorine, hafnium, and rare earth

elements (Table 7).

ROCKS OF YELLOW CLEFT. The latites of Yellow Cleft are
intracaldera flows, conspicuously dense and light in color.
They contain quartz and alkali feldspar phenocrysts and are
brecciated and recemented locally. Coatings are very thin,
yellowish to orangy, discontinuous and poorly developed.
The unit occurs in one coherent arcuate depression in the
eastern caldera moat. It probably erupted after Pahute
Mesa Tuff, preceding Trail Ridge Tuff deposition. Outcrops
are angular, jointed, and blocky, present only in one broad
depression. Float is mostly cobble to small boulder size
and very angular. Grasses dominate vegetative growth over
the unit with subordinate sagebrush. The unit is a latite
to high silica rhyolite with high amounts of samarium, and
chromium and low thallium, titanium, zirconium, antimony,

cerium, fluorine, and hafnium (Table 7).

TRAIL RIDGE TUFF. Trail Ridge Tuff 1is the middle
member of the Thirsty Canyon Tuff Formation - the outflow

sheet from the Black Mountain caldera. The unit occurs in
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Figure 13. Black Mountain study site. Rugged outcrop area
of Pillar Springs Lava. Photograph taken just southwest of
the outer caldera rim, looking west.

Figure 14. Photomicrograph of basal glass of the Gold Flat
Tuff from Black Mountain. Plane light at 10x. Note dark
reddish layer of desert varnish at the sample’s upper
surface.
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a few small isolated patches in the study area, commonly
overlain by Gold Flat Tuff. It overlies the Rocket Wash
and Pahute Mesa members, which are represented even more
sparsely in the study area, and where they are present they
are quite thin in outcrop and virtually indistinguishable
on imagery from the lavas. The Trail Ridge member is a
subalkaline rhyolite to quartz latite ash flow tuff. It
tends to be moderately to densely welded. It is a brownish
gray tuff with pumice fragments and alkali feldspar
phenocrysts. Coatings are brownish to gray brown and
darker and more maturely developed in general than those on
the lavas. Trail Ridge Tuff forms short, stepped ledges on
low hills and ridges. It is bedded and slightly welded
within the study area. It weathers mostly to a fine scree
with some platy slabs. The formation supports sagebrush,
atriplex, grasses, and indistinct canopy. Scandiunm,
europium, and manganese are slightly higher relative to

other units at Black Mountain (Appendix G).

GOLD FLAT TUFF. The Gold Flat Tuff is the uppermost
ash flow sheet of the Thirsty cCanyon Tuff and the most
thoroughly studied formation in the project area. Noble
(1965) identified the unit as pantellerite and a highly
evolved differentiate of the Black Mountain magmatic
system. It is a thin, moderately welded outflow sheet that

caps mesas west and south of Black Mountain summit and the
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inner caldera rim (Figure 12). A thin basal vitrophyre
(Figure 14) separates it from Trail Ridge Member.
Lithologically the unit exhibits eutaxitic structure and
contains 10-20% broken phenocrysts of anorthoclase, quartz,
and sodic plagioclase with minor phenocrysts of
clinopyroxene, aegirine-augite, amphibole, and olivine
(fayalitic). Density slice imagery on an SEM image
indicated 7.5-9.5% aegirine-augite content. Cerium- and
lanthanum-rich monazite, cerianite, and =zircon were
identified by SEM-EDX probes. Groundmass is devitrified,
presently composed largely of very fine alkali feldspar and
cristobalite. Whole rock and minor and trace element
analyses are given in Table 8 and 9 and Appendix G. The
iron/magnesium ratio of olivine and amphibole is high.
Concentrations of beryllium, niobium, lead, tin, thorium,
and the rare earth elements are also anomalously high, up
to 10 times that of comenditic glass from the Spearhead
Tuff (Noble, 1965). Alkali/alumina and Na,0/K,0 ratios are
elevated as well. The unit is very pale olive gray in hand
specimen. Coatings are gray brown to dark grayish
chocolate and moderately well developed. The unit is
moderately welded throughout the study site, is the latest
deposit of any volume and areal extent at the site, and
caps mesas and ridges, forming ledges and short cliff faces
at their fringes. It produces blocky slabs of float.

South of Black Mountain summit, the Gold Flat Tuff is host
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to about 25% sagebrush cover. West of the caldera rim, a
mixed growth of grasses merging into juniper and pinyon and

sagebrush are present.

TRACHYTE OF HIDDEN CLIFF. After final collapse and
extrusion of the Gold Flat ash tuff, mafic trachytic lavas
filled the volcano and formed what is now the high edifice
over Black Mountain. Mafic trachyte is dark gray, variably
vesicular, largely aphyric with 5% plagioclase and alkali
feldspar phenocrysts with some fayalitic olivine,
clinopyroxene, and ilmenite (SEM-EDX probes). The unit
exhibits peralkaline trends geochemically (Tables 7 and 9
and Appendix G). Outcrops on Black Mountain host about 10%
dusty moss green to greenish gray 1lichen. Coatings are
distinctively gray - light to medium - and moderately well
developed. Trachyte of Hidden Cliff forms rough, hummocky,
boulder strewn surfaces (Figure 15). There is a diverse
floral association with the formation of Black Mountain
where grasses dominate with rabbit brush and other low
shrubs including sagebrush and scattered evergreens. Trace
element geochemistry is typically mafic - low rubidium and

boron for example (Table 7).

LABYRINTH CANYON TUFF (DISTAL SPEARHEAD). The

Labyrinth Canyon Tuff was reassigned (Noble, et al., 1984)
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Figure 15. Black Mountain study site. Photograph taken
on the flank of Black Mountain, looking north and showing
outcrop of Trachyte of Hidden Cliff.
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to distal Spearhead Tuff of Stonewall Flat Tuff based on
geochemical and paleomagnetic data. Trace element
signatures are consistent with Spearhead, particularly
hafnium content. (The name Labyrinth Canyon is retained
here to save confusion over imagery descriptions between
the two calderas and to conform with normal practice which
is to retain first-assigned formal formational names.) The
Labyrinth Canyon Tuff is a thin somewhat platy ash flow.
It‘is a fine grained, very pale orangy buff peralkaline
rhyolite with sparse granule to pebble sized pumice
fragments and alkali feldspar crystals (Figure 16). Basal
vitrophyre separates it from underlying mafic trachyte
lava. Coatings on the unit tend to be weak to moderately
well developed and pale orangy buff to dull gray brown
(Figure 17). In the project area, the Labyrinth Canyon
Tuff caps a group of small mesas on the west flank of Black
Mountain. The unit forms short cliff faces along the mesa
margins. It weathers to thin, platy cobble sized float and
supports grasses and sagebrush, dominantly. Relatively
high hafnium, mercury, rubidium, thallium, and boron and
low strontium and barium characterize the formation (Table

8).
KANE SPRINGS WASH

The Kane Springs Wash volcanic center was described in
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Figure 16. Photomicrograph of the Labyrinth Canyon Tuff
(distal Spearhead Tuff). Plane light, 1lo0x. Thin section
is cut normal to and including the weathered surface. Dark
reddish desert varnish occurs sporadically on and near the
rock—-air (balsam) interface.

Figure 17. Black Mountain study site. Outcrop of the
Labyrinth Canyon Tuff (distal Spearhead Tuff) with Black
Mountain in the background. The unit is moderately welded
with well develped desert varnish. The rock hammer is
hanging on light gray basal glass.
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a general way by Cook (1966) and Noble (1968). Detailed
mapping and geochemical studies were conducted by Novak
(1984 and 1985). Figure 18 from Novak (1984) shows area
geology: ground-based photographs of the Kane Springs Wash
area are displayed in Figures 19 and 20; and major volcano-
tectonic events are outlined in Table 11.

The Kane Springs Wash volcanic center consists of a
well defined central caldera collapse structure filled with
a complex sequence of diverse intracaldera lavas, tuffs,
and flow dome deposits that straddle the collapse event in
time. The outflow sheet within the study area comprises at
least 3 distinct ash flow cooling units, ranging in
composition from subalkaline to peralkaline rhyolite with a
pantelleritic trend. K-Ar ages (Novak, 1984) place the
eruptive event between about 14 and 11 Ma. Volcanism may
have been controlled by the Pahranagat left-lateral strike-
slip shear system to the west. Basin and Range faulting in
the area appears younger.

The caldera rim fault is quite pronounced on the west
and south edge of the caldera, and a prominent scarp
demarks striking contrast between intracaldera lithologies
and outflow deposits. Intracaldera deposits consist of
dark trachyandesite flows overlain primarily by white
pumice-rich air fall tuff. Dark 1late basalt caps the
intracaldera mesas. Intrusive through this sequence but

pre-basalt are flow dome complexes of topaz bearing
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Figure 19. Kane Springs Wash study site. Photo shows
stratigraphic section with Hiko Tuff (H) at base overlain
by lower Kane Wash Tuff members O and W, capped by upper
Kane Wash Tuff V member ash flows.

Figure 20. Kane Springs Wash volcanic center. Photo shows
intracaldera units within the caldera looking west. R -
topaz rhyolite, B - late basalt, T - trachyandesite lava, A
- air fall tuff.






SEQUENCE OF YOLCANO-TECTONIC EVENTS AT THE
KANE SPRINGS MASH YOLCANIC CENTER

Late Basalt
Intra and extracsldera olivine basalt flows.

Rhyolite Flow-Domes
Ferroedenite and topaz-bearing exogenous intracaldera flow-domes.

Trachyandesite Lavas
Slightly vesicular to dense basalt to trachysndesite.

Rhyolite Laves and Pyroclastics
High silica ferroedenite moat rhyolites and ash-flow tuffs.

Central Syenite Complex
Subcircular intracaldera extrusive to subvolcanic syenite.

Trachyte Lavas
Vesicular coarsely porphyritic intracalders trachyte.

CALDERA COLLAPSE

Member V3
Densely welded comenditic ash-flow tuff with a vitrophyric base grading upward to vapor
phase altered tuff.

Member V2 of Kane Wash Tuff
welded vapor-phase-alteredcrystal-poor, ash-rich comenditic ash-flow tuff zoned upward

to more mafic tuff.

Member Y1 of Kane Wash Tuff
Norwelded ash-rich rhyolitic base zoned upward to densely welded trachytic tuff.

Members O and W of Kane Wash Tuff
Fayslite-bearing rhyolite ash-flow tuff, possibly sourced from separate calderas SW of
the Kane Springs Wash center,

PRE - KANE WASH AN]

Hiko Tuff
Subalkaline dacitic to latitic crystal-rich ash-flow tuff.

TABLE 11. Volcanic and structural evolution of the Xane Springs Wash Volcanic Center
arranged in ascending order of age (compiled largely from Novak, 1984).

) [4
.\/ —(
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rhyolite. In the NE portion of the caldera is a sedquence
of complexly emplaced silica-poor tuffs and syenite domes
which formed late in the depositional history, but which do
not appear to have caused resurgent doming. The outflow
sheet is a comenditic ash flow deposit with typical
welding, vapor phase, and vitric zonal relationships. It
has been named the Kane Wash Tuff and includes three
members: V1, V2, and V3 from base to top, each a separate
cooling unit. Noble (1968) included underlying ash flow
deposits, designated O and W, with the Kane Wash Formation
as part of the Kane Wash sheet. Novak (1984), however,
disputes the inclusion of the O and W cooling units with
Kane Wash Formation on the basis of unit thicknesses and
clast size, which he observed increasing away from the Kane
Spring Wash Center. The established stratigraphic
subdivision of Noble was, nevertheless, retained by Novak.
The Kane Wash deposits and the 0 and W ash flow units
overlie older Hiko tuff. white air fall tuff occurs
interstratified between some of the ash flow formations.
Although the Kane Springs wash Formation includes
several outflow sheets with distinctive chemistry, varying
from subalkaline rhyolite to peralkaline iron-enriched
rhyolite (Noble, 1968), these units do not seem to differ
enough petrochemically to cause significant spectral
variation. Rather, imagery characteristics appear to

depend more on coating development and perhaps vegetation
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diversity as a function, partially, of welding intensities
within individual sheets. Moreover, remote sensing
differentiation is facilitated by the presence of
conspicuous high albedo inter-sheet air fall tuffs. The
Kane Springs volcanic center is unique among the 3 study
areas inasmuch as post caldera flows are abundant at Kane

Springs Wash and confined to the intracaldera basin.

HIKO FORMATION. The Kane Wash Formation overlies an
older felsic tuff. This pre-Kane Springs Wash basement is
a crystal-rich ash flow deposit. It weathers and
exfoliates like granite and forms mounds or "beehives" in
places. Hiko Tuff contains about 50% broken sanidine-
anorthoclase crystals with some plagioclase, quartz,
biotite, and amphibole (Figure 21). Pumice and other
lithics are sparse. The unit contains densely welded zones
sequenced stratigraphically between less densely welded
interzones. Coatings are more pronounced on densely welded
portions of the tuff. They tend to be dull brown with
variable tints of orange and gray, but mostly very pale
orangy buff. Whole rock, minor, and trace element
analyses for Kane Springs Wash units are presented in Table
12, 13, and 14 and Appendix H. Where sampled, Hiko Tuff is
subalkaline and latitic in composition (Table 12). It
contains slightly high strontium and barium and slightly

low boron relative to other units at Kane Springs. The
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Figure 21. Photomicrograph of Hiko Tuff. Crossed nichols
at 1lox. Hiko Tuff is coarse -and granular. Photo shows
broken crystals of plagioclase, alkali feldspar, quartz and
biotite with opaque magnetite in a mesostasis of
devitrified glass.

Figure 22. Kane Springs Wash study site. Outcrop of Kane
Wash Tuff V1 Member, moderately welded. Photo taken on
east side of study area, looking north. (Cholla cactus is
about 1m high.)






TABLE 12. MAJOR AND TRACE ELEMENT ANALYSES® OF
ASH FLOW TUFFS FROM THE KANE SPRINGS WASH CENTER
(Sample tocation in parenthesis)

a9 (50) (18) (260) (26b)

Kiko Kiko Kane Syenite Syenite

Tuff Tuff Wash V1 Compiex Complex
sio 85.30 63.50 78.40 69.58 8.50
AL 6.3 6.76 1.8 15.12 7.13
FeZoge 2.03 2.22 2.10 5.4 2.95
cad 2.3 2.67 0.66 0.7 0.36
g0 0.72 0.68 0.14 0.14 0.08
Tio, 0.26 0.30 0.14 0.50 0.22
- 07 441 0.04% 0.05% 1055
Na_0 2.2 2.42 3.67 .90 3.63
x.b 2.3 2.47 4.53 5.38 .39
£éo 0.31 0.33
p 800 920 0.25% 0.20% 520
La 81 52 131
Ce 104 98 280
Sm 3.9 10.8 2.7
Eu 1.3 1.3 0.5
T 1.8 0.4 1.4
Yb 2.0 1.2 ok
Lu 0.3 0.4 1.2
Nd 28 % 68
se 5.9 5.9 4.0
Ta 2 @ 3
T 13.0 12.0 13.0
u 3.4 3.0 3.7
Hg ppb 50 30 60
Mo 5 4 s
Ni ‘ 5 <
Nb 1% 19 58
Rb ‘8 68 110
se 0.2 0.2 .02
A 0.5 1.0 0.5
sr 543 581 18
sx .015 .003 <.001 .047 <.001
Te .05 <.05 0.10
T 0.3 0.2 0.3
sn 1 1 1
v 3 3 4
v a 45 <«
Y 3% 35 80
Zn ‘8 51 101
2r 230 30 565
0, 0.14 <.01
20 0.26 6.33
-wZ0 0.25 0.31
f 620 560 1250
sb 0.2 0.1 0.2
As 3 3 9
8e 1140 1260 430
Be 1.6 1.8 2.8
8i 0.1 0.1 0.6
s <10 10 20
8r «<1.0 <1.0 EEE R O 2.0
cd 0.1 0.2 0.3
x 0.43 0.4k 0.05
cs 2.0 7.0 10.0
cr 3 2 14
co 7 7 1
Cu s s A
oy 2 2 18
Ga 13 12 22
Ge 5 5 5
Au ppb <5 <5 .- PR <
r 4 s 14
Pb 28 % 10
Li 1 7 12

* Oxides reported in percent and elements in ppm unless noted otherwise. Analytical methods
are in appendix. Fe203 represents total iron.
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MAJOR AND TRACE ELEMENT ANALYSES® OF LAVAS

(Sample location in parenthesis)

(10b)

Rhyolite

Dome
76.43
13.38

1.16

0.9

(240)

Syenite
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7.05
2.81
0.58
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Basalt

50.5

15.6

10.6
7.80
8.83
2.98
1.35
1.89
0.49
0.15
0.12

100.11

TABLE 14.

Trachy-

andesite Trachyte

53.1

15.8

10.4
3.86
7.04
3.76
2.31
1.83
0.39
0.17
1.49

100.15

KANE SPRINGS WASH VOLCANIC CENTER
MAJOR ELEMENT ANALYSES*

(From Novak, 1984)

Postcald.

59.3

15.9
6.57
1.73
3.60
4.36
4.49
1.23
0.44
0.15
1.30

99.07

Syenite

59.8

15.9
6.39
1.5¢9
3.62
4.50
4.7
1.20
0.42
0.14
0.96

99.23

Precald.
Trachyte

67.3

14.2
3.37
0.27
1.15
4.12
5.66
0.39
0.06
0.07
2.42

99.01

0.08
0.08

Kane
Wash
Tuff-w

2.6

12.2
1.28
<.10
0.65
3.85
4.80
0.04
<.05
<.02
3.44

98.86

0.13
<.05

Kane
Wash
Tuff V2

3.1

11.1
2.72
0.10
0.26
4.04
4.29
0.15
<.05
0.04
2.75

98.55

0.34
0.17

* All analyses by x-ray fluorescence, except F and Cl,
which were determined by wet chemical methods.

Results in X.
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Rhyolite Rhyolite

Dome

74.8
12.9
0.87
0.12
0.42
3.8
4,60
<.02
<, 05
0.03
3.44

101.02

0.49
0.05

Lava

76.1

12.3
1.24
0.11
0.49
3.3
5.14
0.10
<.05
<.02
0.29

99.09

0.17
0.06
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unit supports grasses, predominately, with variable
sagebrush. A summary and a comparison of units from the

Kane Wash site are tabulated on Table 15.

KANE WASH TUFF. In the Kane Springs Wash study area
the Kane Wash Tuff consists of 5 rhyolite ash flow cooling
units: a lowermost compound fayalite bearing cooling unit
designated the "O" member, which overlies the Hiko
Formation; a much thicker (up to 190m) compound cooling
member - "W" - with a distinctive white basal glass, which
overlies the "O" member; then the wyiw, nwy2", and "V3"
members as the section is ascended (Figure 19). Although
earlier workers (Noble, 1968) felt the "o" and "W" members
were erupted from the Kane Springs center, Novak (1984,
1985), after conducting more extensive mapping decided
their source was a vent near the southern end of the Hiko
Range. All 5 of these members are similar in composition
(Tables 12 and 14); however, the older Kane Wash Tuff
members, "O" and "W" tend to form a singular coherent
remote sensing unit. They are less welded in general than
the "V" members and weather to form moderate slopes rather
than ledges. Each unit contains phenocrysts of sanidine-
anorthoclase, olivine (fayalitic), and pyroxene with some
quartz. Sodic amphibole occurs in the vapor phase mineral
assemblage of the "V" members. Pumice fragments comprise

generally about 5% of these outflow sheets. The "V"
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members (Figure 22) vary from densely welded to strongly
vapor phase altered. In places the less welded vapor phase
altered zones are covered with dusty green lichen
overgrowth (15-20% of the outcrop surface). The V1 member
attains thicknesses of 120m and contains lithics with
dimensions up to 5cm across. Lithic fragments in the V2
member, in contrast, are about lcm long and typically less
abundant. Both members are zoned from densely welded to
vapor phase altered up section. V1l is mineralogically
zoned with about 55% crystal content near its base to 25%
up section. Member V2 exhibits a stronger peralkaline
tendency and grades from crystal-poor, ash-rich comendite
at the base to a more trachytic composition with 5%
phenocrysts of sanidine and quartz toward the top. V2 and
V3 are mesa formers west and southwest of the caldera. V3
member is a thin, densely welded comendite virtually
identical to V2 1lithologically. These outflow sheets are
separated by air fall deposits and basal vitrophyre.
Coatings are quite well developed and a mature dark
chocolate brown on densely welded layers. Less mature
surfaces are ashen gray brown. The Kane Wash Tuff
Formation supports grasses, denerally foxtail, and
sagebrush. At higher elevations juniper is present. The
ny" members are relatively highly evolved petrochemically.
They contain anomalously high amounts of the rare earth

elements, hafnium, fluorine, rubidium, zirconium, thorium,
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and uranium and low amounts of scandium and barium. The
"O" and "W" members report low manganese, magnesium, and

titanium.

AIR FALL TUFF. White, coarse, pumice-rich to very fine
lapilli tuff with rare pumice lithics occurs between some
of the ash flow members of Kane Wash Tuff described above,
particularly the "O" and "W" members. A thick pumice-rich
white ash deposit also occurs within the caldera
interfingering with the trachyandesite 1lavas. These
rhyolitic pyroclastics are unwelded, nonresistant, vitric,
white to cream colored, and quite conspicuous, especially
where coarse. Fine grained ash tends to be buff with pale
orangy brown tints. Thicknesses vary from about 5 to 25m.
Coatings are very poorly developed and seem to be composed
largely of transported dust and organic material. These
units form moderate slopes and vegetative cover |is

relatively sparse, dominated by grasses.

CENTRAL SYENITE COMPLEX. Following caldera collapse, a
roughly circular complex of extrusive to subvolcanic
intrusive syenite and trachyte erupted in the central part
of the caldera (Novak, 1984). The complex is texturally
and compositionally diverse, but is dominated by fine-
grained, cream-colored porphyry with about 20% anorthoclase

with some clinopyroxene and up to 5% quartz. The unit
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forms a cumulo-dome, approximately 5km across, that is
resurgent into the caldera floor. It contains syenitic
flow dome complexes which resemble younger topaz rhyolite
flow domes spectrally. Coatings are tan to brown to
reddish brown. Milky amorphous silica was noted in
coatings on one of the flow domes but is 1likely
hydrothermal in part. The complex underlies rugged
topography (Figure 23) with steep knobs and drainage
channels. Sagebrush is common with some grasses and
evergreens in the northern more elevated portion of the
study site. Analyses of syenite samples (Tables 12 and 13)
report relatively high contents of molybdenunm, zinc,
zirconium, boron; slightly high rare earth elements,
arsenic, barium, fluorine, hafnium, and lanthanum; and low

scandium and barium.

TRACHYANDESITE LAVA. Dark gray, vesicular mafic
trachyte forms elongate lava tongues about 100-150m thick
in the western moat area (Figure 20). The unit was
deposited after caldera collapse. It contains about 15%
phenocrysts of sieved plagioclase with olivine and
clinopyroxene. The groundmass is holocrystalline and
similar in mineralogy. Coatings are distinctively gray to
rusty brown, usually dull, but occasionally dark with a
silvery sheen. Secondary mineral coatings are sporadic but
fairly well developed. They are 1lighter in color than

coatings on basalt, but typically darker than coatings on






Figure 23. Kane Springs Wash study site. Photograph of
syenite dome taken at northeastern side of study area,
looking north.

Figure 24. Kane Springs Wash study site. Photograph of
intracaldera area underlain by trachyandesite. Photo taken
in west central part of study area, looking east.
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the tuffs and rhyolites. Trachyandesite tends to host a
relatively dense population of moss green to gray lichen
similar to the lichen overgrowth on mafic trachyte of Black
Mountain. It occupies elongate topographic lows within the
moat area and weathers to irregular rugged boulders and
smaller float, strewn over a hummocky surface. (Figure
24). Foxtail grasses dominate the vegetative canopy.
Trachyandesite is relatively low in uranium, thorium, and
lead and high in nickel, scandium, zirconium, and gallium

(Appendix H).

RHYOLITE DOMES. Flow-layered rhyolite flow domes occur
in the western caldera moat (Figure 20). These deposits
are annular and appear exogenous over trachyandesite or
intracaldera pyroclastics where they occur within the study
site. They are pale flesh in color, quite dense, and form
prominent knolls which likely represent paleovents.
Grasses are the dominant growth, juniper occurs on north
slopes. Flow layering near dome centers is subvertical.
The white, pumice-rich pyroclastics which fill the western
moat probably erupted just prior to emplacement of these
high silica rhyolites. Rhyolite domes contain phenocrysts
of quartz, sanidine, plagioclase, fayalite, sodic
amphibole, and Fe-Ti oxides. Vapor phase topaz crystals up
to 2mm long have been observed within a central lithophysal

core (Novak, 1984). These deposits are relatively high in
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the heavy rare earth elements, tantalum, tin, uranium,
beryllium, 1lithium, fluorine, rubidium, thorium, and
yttrium (Tables 13 and 14 and Appendix H). Novak (1985)
reports large negative europium anomalies (Eu/Eu*=0.0020)
in topaz rhyolite from Kane Springs Wash. Coatings on the
rhyolite domes are chiefly pale orangy brown to moderately

dark brown.

LATE BASALT. Late olivine basalt flows occur mainly as
mesa caps within the westernmost area and around apparent
late vents along the eastern border of the study site.
Analytical data is presented in Tables 13 and 14 and
Appendix H. Basalt overlies the white intracaldera
pyroclastic deposit. Basalt is very dark gray and quite
conspicuous in outcrop and talus scree. It is massive to
vesicular. Coatings are gray to very dark with a silvery
sheen. In thin section (Figure 25) the unit is
characterized by thin laths to stubby broken crystals of
plagioclase in a trachytic texture with pyroxene and
amphibole in a microcrystaline groundmass. The unit
typically supports juniper and pinyon (15-20%) and grasses,
with minor sagebrush. Typical of basalt, nickel,
phosphorous, scandium, titanium, vanadium, chromium,
copper, and cobalt are relatively enriched and rubidium,
thorium, uranium, and 1lithium are low (Table 13 and

Appendix H).
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Figure 25. Photomicrograph of Late Basalt of Kane Springs
Wash. Crossed nichols at 10x. Note dark brown to

yellowish desert varnish
intergranularly.

impregnating the rock surface,
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CHAPTER IV

IMAGERY ANALYSIS

Landsat 5 thematic mapper bands in the visible and near
infrared - bands 1, 2, 3, 4, 5, and 7 - were applied to
this study. The thematic mapper instrument is the most
advanced orbital visible/near-infrared sensor available,
and it was felt that the near-infrared bands could help
provide superior discrimination in terms of secondary
alteration products. Moreover, previous investigations
have shown that spectral variation among lithologic cover
within typical low vegetation scenes is greatest in band 5,
driven primarily by divalent iron variation. The earlier
multi-spectral scanner (MSS) does not offer a similar band
interval. The superior spatial resolution of TM over MSS
was another consideration for applying TM.

Imagery analysis was conducted a-priori prior to field
work and prior to any significant knowledge of surface
geology. Imagery units were outlined in the first phase of
the study program. Correlation with lithologic units
followed field studies (Spatz, Taranik, and Hsu, 1987a).
It turned out that imagery units correlated extremely well
with lithologic units (greater than 90% for PC images),
both with regard to outcrop and in some cases with regard

to monolithologic detritus.
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IMAGE STATISTICS

A multivariate statistical evaluation of pixel values
for each scene was conducted with IDIMS function ISOCLS
(Appendix I). Mean and standard deviations for each band
and covariance matrices between bands were computed.
Correlation coefficients between bands were derived by
dividing covariance by the product of standard deviations
of respective bands. Correlation coefficients provide a
measure of the amount of spectral variance between bands.
Bands with lowest correlation coefficients are the least
correlated and contain greater spectral diversity. By
selecting bands with least apparent spectral similarity,
spectral contrast on image composites should be enhanced.
The principal components (PC) transformation (Appendix C)
takes variance and covariance to compute eigenvectors which
are new data axes projected through multi-dimensional band
data sets in progressively shorter axes. Each eigenvector
is represented by a corresponding eigenvalue. Eigenvalues
are a measure of the amount of variance contained in each
PC. The tables in Appendix I show the relative
contributions of each band to each PC and thus those bands
most responsible for spectral variance in each PC. In
general PC1l is dominated by reflectance variation due to
topography. PC2 contains more subtle spectral variation of

surface cover, in this case rock/soil dominated variance,
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whereas PC3 variance is dominated largely by remaining
spectral variance, in this case, vegetation. These
relationships are supported by the fact that PC3 images
tend to appear almost identical to 4/3 ratio images which
highlight vegetation.

In this section imagery characteristics of each major
volcanic unit at each of the 3 study sites are discussed
with a view toward establishing effective imagery
correlation and image combinations for 1lithologic
discrimination and mapping. 1In all color composites, the
encoded color sequence is red-green-blue (RGB). Our
studies indicate vegetation (only 25-30% of surface cover)
is subordinate as a significant spectral control in the
images at Stonewall.

Imagery training sites were selected and class
statistics computed with IDIMS function CLASFY (Appendix J)
for each major lithologic unit. One set of training sites
was used for the supervised classification computations
which follow, another for representative band reflectance
values (digital numbers or DN values) in each band for each
unit. Band statistics for each unit are compiled in Table
16. Atmospheric corrections were not performed, since
histogram and deep shadow methods of determining scatter
indicated Raleigh scatter was significant only in band 1,
and where used as a single band, band 1 is always

stretched. Moreover, lithologic discrimination and other



Table 16

UNITS

Civet Cat Cap
Civet Cat Canyon
Spearhead Tuff
Basalt Flow
Antelope Springs
Upper Rhyolite
Lower Latite

Quartzite Conglom.

UNITS

Labyrinth Canyon
Gold Flat Tuff
Trachyte, Hidden Clf.
Lava, Pillar Springs
Trail Ridge Tuff
Older Thirsty Canyon
Lavas, Ribbon Cliff
Lavas, Yellow CLiff
Pre-Thirsty Canyon
Volcanics

WNITS

Topaz Rhyolite
Basalt
Trachyandesite
Hiko Tuff

Kane Tuff (V)
Syenite Complex
Kane Tuff (O0-W)

RAW LANDSAT DN VALUES OVER THE MAJOR LITHOLOGIC UNITS*

137
135
156
115

18
159
134

133
141
124
108
122
137
130
13

144

151
102
110
144
136
126
134

¥R B

49

76

~N

d BBRUNSEEER

STONEWALL MOUNTAIN AREA

TM BANDS
3 4
9% 86
8 70

103 8
&3 49

150 128

m 9
91 76

THE BLACK MOUNTAIN CALDERA

TM BANDS
3 4
9% 3
97 85
8 7
64 62
s &3
92 80
84 70
8 81

101 90

THE KANE SPRINGS

76
)
&7

n
67
60
&2

TM BANDS

11
56
&3

104

101

85
88

»

ARIBLER

202
106
154

237
135
114

188
183
155
110
112
159
120
146

173

b N

148
n
70

13
119

RILERE

372

1.45
1.37
1.39
1.29

1.53
1.46
1.47

3/2

1.53
1.43
1.45
1.3
1.36
1.44
1.40
1.48

1.44

WASH VOLCANIC CENTER

180
86
9

172

180

145
125

108
&7
50

100

109

a8
»

372

1.46
1.2
1.34
1.47
1.51
1.42
1.42

BAND RATIOS
5/2 574
3.06 2.3
.77 1.5
2.08 1.1
1.59 1.59
2.42 1.85
1.64 1.36
1.83 1.50

BAND RATIOS
572 5/4
2.94 2.02
2.69 2.15
2.67 2.1
2.2 .77
2.04 1.78
2.48 1.9
2.00 1.7
2.52 1.80
2.47 1.92

BAND RATIOS
572 5/4
2.37 1.8
1.87 1.37
1.96 1.64
2.42 1.9
2.69 2.07
2.62 1.69
2.02 1.67

*pixel statistics for each unit are compiled in the Appendix

5/7

1.62
1.61
1.56
1.7

1.60
1.74
1.63

5/7

1.66
1.54
1.74
1.77
1.62
1.61
1.67
1.74

1.66

5/7

1.67
1.83
1.84
1.72
1.65
1.77
1.67

96
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cover imagery signatures are quite good using the product
digital values provided on the computer compatible tapes

(CCTs) .

STONEWALL MOUNTAIN AREA

Imagery over the Stonewall Mountain area is superior
in gquality for geologic remote sensing applications
(Figures 26-29 and Plate 4), because vegetation and
topography are subdued and outcrop/detritus/soil reasonably
ubiquitous. Imagery from the Stonewall study site reflects
a major normal fault in the eastern half, marked by a
conspicuous curvilinear, that is thought to be the western
margin of the Mount Helen caldera. Table 17 summarizes and
compares imagery characteristics of Stonewall Mountain

units.

CIVET CAT CANYON TUFF

Reflectance over Civet Cat is low in all bands over the
main Civet Cat Canyon flow since Civet Cat Canyon Tuff is a
relatively low albedo rock due to dark iron oxide matrix;
however, over the spectrally distinctive Civet cat Canyon
cap rock, reflectance is relatively low in bands 1, 2, and
3 and high in bands 4, 5, and 7, increasingly so in the
later 3 relative to other cover in the scene (Tables 16 and

17). These spectral relationships cause the cap rock zone
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Figure 26. Stonewall Mountain area. Landsat 5 TM 512x512
pixel band 2 image, contrast enhanced by scaling. Desert
varnish is absorbant and dark in the lower TM wavelength
range, so darker tones on the image tend to correspond with
either more mafic rock assemblages or rocks with relatively
well developed desert varnish.

Figure 27. Stonewall Mountain area. Landsat 5 TM 512x512
pixel subscene. Principal components (PC) image, with PC2,
PC3, and PC4 color encoded red, green, blue, respectively.
Variance in PC2 is lithologically dominated in this scene.
Note striking peach color of glassy cap rock of Civet Cat
Canyon Tuff, easily discriminated on the composite.
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Figure 28. Stonewall Mountain area. Landsat 5 3/1 - 5/7 -
PC2 image encoded red, green, blue, respectively. Subscene
is 512x512 pixels. Each band was contrast enhanced with
the SCALE function. Antelope Springs rhyolite, typically
somewhat altered hydrothermally (argillic, pyritic,
hematitic, limonitic), is distinctively yellow due to high
DN values in both 3/1 and 5/7. Stonewall Flat Tuff, the
outflow sheet from Stonewall Mountain, is purplish, its
contacts fairly sharp in this composite.

Figure 29. Stonewall Mountain area. Landsat 5 TM 512x512
pixel image. False color composite of bands 3, 5, and 7,
each contrast enhanced with IDIMS function SCALE.
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to be subdued in 3/2 and 5/7 ratio images, but strikingly
bright in the 5/2 image. High scene reflectance in band 7
creates high contrast turquoise blue over the unit in 3-5-7
images. The unit registers a dull, indistinct pale grayish
green in the 3/1-5/4-4 image. There is a low intensity but
high saturation and hue response for the cap rock in ISH
computations with bands 3-5-7, resulting in a distinctive
moss green hue in the composite ISH image. On ISH images
with bands 1-2-4 the unit shows low values in intensity and
hue, high values in saturation, but low contrast in all
three modes. Red Civet Cat cap rock is strikingly bright
in PCc2 images, growing somewhat less so in PC’s 3 and 4.
This results in an impressive discriminating capacity over
the unit in the PC2-PC3-PC4 and PC2-PC4-PC5 images. The
unit is also rather anomalous on some of the more exotic
composites, including especially the 1-4-Hue image, Hue
computed on bands 3-5-7; the 3/1-5/7-PC2 images, and a 3-7-
Hue (bands 1-2-4) composite. A 3/1-PC2-Hue (bands 3-5-7)
is especially effective in highlighting the Stonewall Flat

Tuff in general.

SPEARHEAD TUFF

The Spearhead Tuff exhibits little spectral variation
throughout the visible and near-infrared (Table 16). It is
relatively dark in all TM bands, particularly bands 1, 2,

and 3, in contrast to surrounding alluvium and Antelope
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Springs rhyolite which is a leucocratic high albedo unit.
A darker trend tends to increase the tonal contrast
somewhat in 5/7 images. Intensity increases slightly in
5/2 images. These band relationships, of course, control
color characteristics in false color composite images. So
in 3/1-5/7-4 images, encoded RGB, the unit is magenta
indicating higher reflectance in the 3/1 and 4 images with
relatively low reflectance in 5/7, and bluish gray in the
3/5/7 image due to higher reflectance in bands 3 and 7. 1In
individual principle component images, the Spearhead Tuff
is brightest in PC3 with high brightness also in PC2 and
PC4. Thus in the 3/1-5/7-PC2 composite the formation is a
distinctive dark purple. ISH computations on bands 3-5-7
result in indistinct low contrast tones over the unit in
the saturation and hue modes, darker though in the
intensity image. This results in a distinctive dull army
green hue in the ISH composite. 1Indeed, basalt exposures,
shadows, and the ash flow units with their dark desert
varnish coatings tend to register high DN values in the
saturation mode. Relationships are similar on ISH images
of bands 1-2-4, thus a hue composite of bands 1-2-4 with
scaled bands 3 and 7 results in distinctive bluish hues
over the unit, green if intensity is used instead of hue in
the same configuration. Imagery characteristics of
Spearhead Tuff are summarized in Table 17 and compared with

the other units at the Stonewall Mountain site.
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ANTELOPE SPRINGS FORMATION

The Antelope Springs Formation in the study site
consists of a lower reddish, ferruginous latitic member and
a more felsic highly reflectant upper white rhyolite. Some
of the formation appears intrusive and hydrothermal
alteration consisting of hydrous secondary minerals occurs
in places. The lower unit is relatively dark in all bands,
because of relatively low albedo in comparison to adjacent
white rhyolite (Table 16). The latite is more melanocratic
due to higher relative mafic mineral constituents and also
because of a lacy network of blood red ferruginous matrix.
Antelope Springs latite is distinctive in many of the false
color composites. The upper member exhibits high
reflectivity in all bands with diminishing intensity in
longer wavelength bands 5 and 7. Band ratios for the high
albedo upper member tend to dampen intensities relative to
other cover and enhance differences in iron oxide coatings
and clay altered surfaces in certain locations. For
example, several exposures are quite bright in 5/7 ratio
images. The unit contrasts markedly with other formations
in most color composite images. on 3-5-7 and 3/1-5/7-4
images the upper unit is cream colored with iron oxide
stained areas light reddish. The lower latitic member in
this rendition is red brown. on the ISH computations,
bands 3-5-7, the upper unit is bright in saturation and
intensity, light to medium gray in hue. In 1-2-4 ISH

images the deposit is quite dark in hue and saturation,
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light in the intensity mode. These felsic rocks respond
with bright intensity in PCl for the upper member, dark for
the lower. The upper unit is dark and indistinct in PC2,
and with only slight variation in higher PC’s. Thus PCl
overpowers other bands in composites in which it is
included, and PC composites without PCl tend to obscure the
upper member. In the 3/1-5/7-PC2 image the light colored
upper unit is bright yellow to reddish and quite
conspicuous. Perhaps the greatest overall contrast over
the unit is exhibited by the 3-7-Hue (bands 1-2-4) image in
which it is highlighted in bright yellow and the 3-5-7 ISH

composite in which it is bright red.

LATE BASALT

Basalt, a low albedo lithology, is dark in all bands,
decreasing slightly in brightness in longer wavelength
bands 5 and 7 relative to adjacent cover (Table 16), due in
part to the greater depth of penetration of the lower
energy radiation and greater contribution of 1lithology,
which is heavily absorbing to TM band 5 radiation as a
result of divalent iron content. Higher energy radiation
is more responsive to secondary mineral coatings. Basalt
is thus medium gray and obscure in the 5/7 image and not
appreciably changed by 3/2 and 5/2 ratios. On the 3/1-5/7-
4 composite basalt is swamp green and well highlighted. It
is dark brown on the 3-5-7 composite. In individual band

modes of the 3-5-7 ISH transformation, the unit is dark.
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In 1-2-4 ISH, saturation and hue images it is very bright.
Thus on the 3-7-Hue (Hue on bands 1-2-4) composite basalt
is purple and on the 3-5-7 ISH composite, greenish. It is
very dark in PCl, obscure and indistinguishable in PC2,
slightly brighter in PC’s 3 and 4. It is highlighted,
therefore, by blue in the PCl PC2 PC4 composite, but cannot
be discriminated on the PC2 PC4 PC5 image. On the 3/1-5/7-
PC2 images the unit is dark green. Imagery characteristics
of basalt are compared with imagery characteristics of

other units at Stonewall Mountain in Table 17.

BLACK MOUNTAIN CALDERA

Imagery over the Black Mountain study area (Figures 30-
33 and Plate 5) differs from that of the Stonewall area
partly as a result of more diverse vegetative cover.
Caldera structure is evident from the geometry of some
narrow arcuate ash flow exposures that circumscribe the
mountain, prominent arcuate scarps, and curvilinear
topography. Lithologies are varied. Still the outflow
sheets tend to be readily mappable with Landsat TM imagery.
Vegetation over each unit was described in Chapter III.
The 4/3 ratio image highlights zones with relatively heavy
growth. This image is matched very closely by the PC3
image which also presents vegetation in strikingly bright

contrast. Table 18 compares imagery of Black Mountain
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Figure 30. Black Mountain caldera. Landsat 5 TM 512x512
subscene. Band ratio 5/7 image, contrast enhanced by
function SCALE. The steep spectral slope, between about
1.5 and 2.2 micrometers, exhibited by Gold Flat Tuff
(Chapter VII) leads to low 5/7 values and quite dark tonal
contrast on this image.

Figure 31. Black Mountain caldera. Landsat 5 TM 512x512
pixel image. Composite of bands 3, 5, and 7, edge enhanced
and color encoded red, green, and blue, respectively. Note
distinctive powder blue hue over Gold Flat Tuff due to its
relatively high reflectance in band 7.
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Figure 32. Black Mountain caldera. Landsat 5 TM 512x512
pixel subscene. Principal components image, PC1l, PC2, and
PC3 color encoded red, green, and blue, respectively and
contrast enhanced by scaling. Linear, northwest trending
Gold Flat Tuff southwest of Black Mountain is bluish due to
vegetative contribution in PC3 (band 4 dominated, Appendix
I). Crystal rich lavas and Trail Ridge Tuff are green,
Trail Ridge tending to be slightly darker. Trachyte of
Hidden Cliff on Black Mountain is purplish.

Figure 33. Black Mountain caldera. Landsat 5 TM 512x512
pixel subscene. Color composite image of bands 1 and 4
colored red and green, respectively with the hue band of an
ISH transformation on bands 3, 5, and 7, colored blue.
Each band is contrast enhanced by IDIMS function SCALE.
Color contrast correlated well with lithologic contacts.
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units with other characteristics and Table 16 lists raw DN

values for each band by lithologic unit.

OLDER LAVAS AND TUFFS

The older felsic 1lavas and tuffs are the most
reflectant cover in lower wavelength bands, 1-4 (Table 16).
They are intermediate in reflectance at higher wavelengths.
This is probably due to their relatively silicic tendency
and lack of desert varnish. At lower wavelengths this unit
is more reflectant than adjacent rock/detritus cover (Table
18) due to absence of varnish and at higher wavelengths it
is 1less distinct since the lower energy radiation
penetrates the varnish cover on adjacent felsic units which
tend to support considerable desert varnish (Chapter VII).
In the ratioed images the unit tends to be dull,
intermediate in intensity and indistinct. Some areas over
the unit, however, exhibit a brighter signature in the 3/2
image probably due to iron oxide staining observed in the
field. Alluvial material and drainages down slope of these
areas are also bright.' The deposit is a distinctive rusty
cream color on the 3-5-7 composite. It is bright on both
the PC1 and PC2 images and therefore exhibits a yellow
signature on composites combining PC’s 1 and 2, or a
reddish color if only one of them is in combination with
other variables and encoded red. In the 5-7-PC2 composite

the unit is a pastel purple due to high DN values in 5 and
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PC2 and low DN values in band 7. With ISH transform on
bands 3-5-7 the unit is quite bright in the intensity mode
relative to other cover, bright in saturation, but only
medium in hue. Thus a distinctive yellow hue manifests
over these rocks in the 1-4-Hue composite. (The hue

parameter is subdued for this formation.)

LAVAS OF PILLAR SPRINGS AND RIBBON CLIFF

The inter-ash flow lavas at Black Mountain, the
granular crystal rich Lava of Pillar Springs and Ribbon
Cliff, form a generally coherent remote sensing unit at
Black Mountain. These lavas are rhyolitic to trachytic
with fairly high iron content, low in albedo relative to
some adjacent rock cover, and thus darker in all bands,
growing slightly darker with increasing wavelength (Tables
16 and 18). Lava of Ribbon Cliff seems to be slightly
darker than Lava of Pillar Springs in bands 5 and 7. The
units tend to be light to medium-light gray and indistinct
in the ratio images. In the color composites 3/1-5/7-4
image the lavas are yellowish green and basically
indistinguishable from Trachyte of Hidden Cliff. On the 3-
5-7 image, however, they are greenish brown. Lavas of
Ribbon Cliff are more reddish than the other lavas on this
image, possibly reflecting a higher proportion of brighter
superficial iron oxide staining. This distinction is

mirrored on the 1-4-Hue (bands 3-5-7) image. On the 3-5-7
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band ISH images, the lavas are dark in saturation and hue;
indistinctive medium gray in the intensity mode. In the
principal components transformation lavas are brightest
relative to other cover in PC2 and PC4, dark in PCl. So in
the PC composites, PC2 controls their contrast; in
composite PCl PC2 PC3 images they are greenish and in PC2
PC3 PC4, reddish. They contrast in the latter with
Trachyte of Hidden Cliff which is emerald green probably
due to the vegetative response of the summit area of Black
Mountain. These imagery characteristics are compared with

other units within the study scene in Table 18.

ROCKS OF YELLOW CLEFT

Rocks of Yellow Cleft are indistinct from the other
units in all TM bands. DN values are intermediate (Table
16). The unit occurs in one contiguous arcuate depression,
however, at the eastern edge of the central caldera moat.
Its outline is distinguishable since it is surrounded by
lower albedo units - Trachyte of Hidden Cliff and Lava of
Ribbon Cliff. The unit is covered with grasses and
sagebrush. Outcrop is sparse. Rocks of Yellow Cleft tend
to be slightly darker than most other units on PCl images
and slightly bright on 3/2 and 5/7 images, the 1latter
probably due to grassy cover. On ISH transforms with bands
3-5-7 the unit is somewhat bright on the intensity image,

dark on the saturation image.
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TRAIL RIDGE TUFF

Thematic mapper imagery over Trail Ridge Tuff is very
similar to that over the Lavas of Pillar Springs, with
which it is closely related both in time and space and in
composition. The Pillar Springs Lava followed the Trail
Ridge Tuff eruption. Trail Ridge tends to be slightly
brighter in band 1, darker in 5/7 ratios, and brighter in
PC2 images, which aids discrimination where the unit lies

adjacent to Lavas of Ribbon Cliff.

GOLD FLAT TUFF

The Gold Flat TUff is an unusual rock petrochemically
and is distinctive spectrally as well. This peralkaline
deposit is very highly evolved magmatically and contains a
high proportion of large ion lithophile elements and other
incompatible elements that partition into late magmatic
phases, including tantalum, rubidium, thorium, and the rare
earths (Table 18). Reflectance increases as wavelength
increases to brightest in band 7 relative to other units.
For this reason the unit is distinctly dark in the 5/7
image and reddish to magenta in 3/1-5/7-4 false color
composites. The unusually high reflectance in band 7
relative to other scene cover gives rise to a strikingly
bright turquoise blue hue in the 3-5-7 composite. Gold
Flat Tuff is bright in PC1, very dark and anomalous in PC2,

and dark as well in PC3 except over its northern exposures
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where it is masked by the bright response of vegetation.
It is medium gray and indistinct in PC’s 4, 5, and 6. The
relationship among eigenvalues and hue images with ISH
transformation on bands 3-5-7 is medium in intensity in the
intensity mode. On the ISH false color composite Gold
Flat Tuff is a very distinctive pale magenta. On the 5-7-
PC2 composite, the formation is brilliant mustard yellow,
but similar to Labyrinth Canyon Tuff, which also exhibits
geochemical properties of highly evolved differentiates.
It is light purple in the 1-4-Hue (bands 3-5-7), blue where
vegetation includes golden grasses and scattered 1low

evergreen trees.

TRACHYTE OF HIDDEN CLIFF

Mafic trachyte forms the central volcanic edifice and
is very dark in all bands (Table 16) except 4 and 5 in
which it is an indistinct medium gray contrast. Spectral
response appears to be influenced by vegetation, in this
case, largely cheat grasses and lichen. The unit is very
bright relative to other cover in 5/7 and 4/3 images,
forming a slightly striped pattern that apparently follows
drainages and is probably caused by riparian vegetative
reflectances in band 4. In individual PC’s the deposit is
quite dark in the first PC, very light due to vegetative
interference in the third. Mafic trachyte is pinkish

purple on the PC1l PC2 PC3 composite, yellowish green in the
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PC2 PC3 PC4 rendition. It is indistinct from other lavas
in the PC2 PC4 PC5 image. 1In the ISH transform of bands 3-
5-7, the unit is very dark in intensity and hue, medium
gray and indistinct in saturation. On the ISH composite it
is purplish. In the 1-4-Hue (bands 3-5-7) image, mafic
trachyte is dark forest green and a dull army green on the

3-5-Hue (bands 1-2-4) image.

LABYRINTH CANYON TUFF

The Labyrinth Canyon ash flow tuff, actually distal
facies of Spearhead Tuff (Noble, et al., 1984), is
spectrally similar to but distinct from Gold Flat Tuff
partly due, as will be demonstrated in Chapters VI and
VII, to the unusual trace element content of Gold Flat
Tuff. It tends to be moderately to only slightly bright in
bands 1-3, quite bright in bands 4 and 5, somewhat less so
in band 7 than Gold Flat Tuff, which aids its
discrimination in false color composite images that take
this disparity into account. It is bright in the 3/2
image, possibly due to it’s orangy buff color, and is
medium gray in 5/7 images, but much lighter in tone from
the Gold Flat Tuff. Labyrinth Canyon is a pale powder blue
and distinct from Gold Flat in the 3-5-7 composite and
unique in color contrast as well in 3/1-5/7-4 hybrids in
which it is very pale pink. The unit is bright in PC1,

dark in PC2. It appears masked by the bright vegetative
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response of cheat grass in PC3. It is pale pinkish
lavender on the PCl PC2 PC3 composite and a bright orangy
red on the PCl PC2 PC4 configuration. Saturation and hue
images of bands 3-5-7 give the unit a very bright
signature, less so in the intensity mode. The deposit
exhibits fair color contrast as well in the 1-4-Hue (bands
3-5-7) and the 3-5-Hue (bands 1-2-4) composites. Color is
not unique for the unit on the PC2 composites with bands 5

and 7 and bands 3 and 7.

KANE SPRINGS WASH VOLCANIC CENTER

Imagery response of units at Kane Springs Wash is
influenced much more strongly by topography and vegetation
than that at the other 2 study sites. Topographic relief
is almost 1000m and evergreen trees dot the mesa tops,
particularly in the northern part of the caldera. Other
vegetative cover is also denser (commonly 40%) throughout
the scene, including foxtail grass, cheat grass, atriplex,
sagebrush, and cactus (Chapter 1I). The study scene
encompasses the southern part of the caldera where
intracaldera subsidence and post caldera fill has left a
prominent curvilinear and a conspicuous imagery feature.
Figures 34-37 show enhanced images of the Kane Springs Wash
study site. Plate 6 is a map of imagery units that

correlate with lithology. Band DN values for each unit are
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tabulated in Table 16 and a summary of unit imagery
characteristics and comparison with other unit features is

presented in Table 19.

HIKO TUFF

The Hiko Formation is the oldest unit in the Kane
Springs Wash study scene. It is distinct chiefly due to
image textural properties, namely alternating tonal bands
which result from successions of alternating densely welded
and vapor phase altered zones. The banded texture is
enhanced by vegetation, chiefly grasses, which favor the
gentler slope-forming, vapor phase altered zones, rather
than ledges and shallow cliff faces which result from
weathering of the densely welded layers. On some images,
particularly the PCl PC2 PC3 composite, alternating densely
welded and vapor phase altered layering gives rise to red
and white banding. Reflectance from Hiko Tuff increases in
intensity in higher wavelength bands. The unit is bright
in 3/2 and 5/2 ratio images, darker on a 5/7. It is
indistinct in simple color composites and hybrid
composites. The deposit is bright in PCl, obscured in
other PC’s. In the ISH transform, bands 3-5-7, the section
is relatively bright in the intensity mode, medium gray in
hue and saturation. Complex color composites tend to
highlight the interval best. In PCl PC2 PC3 and PCl PC2

PC4 composites the formation is characterized by a reddish
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Figure 34. Kane Springs Wash volcanic center. Landsat 5
TM 512x512 band 5 image, contrast enhanced with function
SCALE and edge enhanced. High tonal contrast correlates
generally with various volcanic rock assemblages on basis
of divalent iron content or felsic tendency: leucocratic
units are light; intracaldera melanocratic deposits dark.

Figure 35. Kane Springs Wash volcanic center. Landsat 5
TM 512x512 pixel image of band ratio 5/7, scaled. Dark
annular area in the northwest quadrant is topaz rhyolite
flow dome, and similarly dark zone in the southwest corner
is Kane Wash Tuff Member V1. Both units are highly evolved
peralkaline differentiates and exhibit steep spectral
curves from TM band 5 through 7, resulting in low 5/7
values.
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Figure 36. Kane Springs Wash volcanic center. Landsat 5
TM subscene, 512x512 pixel dimension. 1Image is a principal
components, PCl, PC2, PC4 composite, color encoded red,
green, and blue, respectively. Each band is contrast
enhanced by scaling. Note very light achromatic tone “of
air fall tuff and alternating red and white bands from
successive densely welded and vapor phase altered tuff
deposits. The densely welded zones host more extensive and
darker desert varnish.

g XY . e g ¥
Figure 37. Kane Springs Wash volcanic center. Landsat 5
TM 512x512 pixel image. Bands 1 and 4 appear in red and
green, respectively. The blue band is saturation from an
ISH transformation on bands 3, 5, and 7. Image is
contrast enhanced (scaled). Good lithologic congruence is
achieved by this complex composite. Evolved peralkaline
ash flow tuffs and topaz rhyolite are tinted blue.
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banded image. It is light powder blue in the l1-4-Intensity
(ISH, bands 30507) image. The 3-5-7- ISH Intensity
parameter image exhibits the unit in relatively bright

intensities.

KANE WASH TUFF (MEMBERS "O" AND "W")

The lower members of the Kane Wash Tuff Formation - "o"
and "W" - are basically indistinct on images of the area.
They are probably not part of the Kane Springs Wash
caldera outflow sheet, but rather were extruded from a
source to the northwest (Novak, 1984). The unit is subdued
and indistinct on all images except for some brightness
tendency on PC3 images, probably due to grass canopy and on

saturation images from ISH transforms on bands 3-5-7.

KANE WASH TUFF ("V" MEMBERS)

Kane Wash Tuff members V1, V2, and V3 exhibit mediunm
gray tones in lower wavelength bands, but are relatively
bright in band 5, increasing in intensity in band 7 (Tables
16 and 19). These flows are relatively highly evolved
petrochemically and exhibit relatively high brightness
values in band 7, similar to the highly evolved Gold Flat
Tuff of Black Mountain. The unit is quite bright in the
5/1 and 5/2 ratio images, rather dark on the 5/7 image. 1In
the 3-5-7 composite the section is a distinctive powder

blue. It is reddish but indistinct in the 3/1-5/7-4 image.
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The tuffs are extremely bright in the hue mode of the 3-5-7
ISH transformation, dark in saturation, and medium gray in
the intensity mode. They are a reasonably distinctive
lavender in the ISH composite. 1In PCl the Kane Wash Tuff
is medium gray, in PC2 quite dark where densely welded, and
relatively light in PC’s 3-5. In composite PC’s 1-2-3 and
2-3-4 the formation is distinct, especially in the latter
in which it tends toward bright blue. In more complex
renditions with ISH and simple band hybrids the section is
typically highlighted with some characteristic tint. This
appears to be due primarily to the presence of large areal

exposures or platforms of densely welded zones.

AIR FALL TUFFS

The air fall tuffs which are very light in color are
highly reflective in all wavelengths. This characteristic
controls this unit’s response in false color composite
images. These tuffs are quite bright in PCl, even brighter
in PC2. Tonal contrast is obscured in higher PCs. 1In all
ISH transformations these glassy beds are bright in
intensity mode, obscured in saturation and hue. The
deposits are more uniquely highlighted by PC composites and

the 1-4-Saturation (bands 3-5-7) image.

SYENITE COMPLEX

The syenite complex is distinguishable on images
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primarily as anomalous textural patterns, involving tone
and color variation, throughout a roughly annular zone:
The pattern is created by irregular reflectance properties
over relatively small areas throughout the complex.
Reflectance is variable, but more consistently bright in
the higher wavelength bands (Tables 16 and 19). In
individual PC images the unit exhibits overall medium
intensity brightness except in PC2, in which it is
relatively dark. The subtly distinct "busy" or high
frequency textural pattern tends to be mirrored in complex
composites by highly variable hues and tints. Two
subcircular zones within the complex exhibit relatively
bright signatures similar in reflectance character and in
many images to the topaz rhyolite domes described below.
These zones reflect a syenitic flow dome complex within the

syenite complex.

TRACHYANDESITE LAVAS

Trachyandesite lavas are exposed primarily in the
canyons within the caldera complex. They are thus largely
obscured by shadows with which they tend to blend. The
unit is relatively nonreflectant and dark in all bands
(Tables 16 and 19). It is tonaily light in the 5/7 image.
The deposit is light in tone in PC2, dark in all other
PC’s. The formation is anomalously dark in the hue mode of

the 3-5-7 ISH transform and bright in saturation. It is a
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reddish brown to greenish brown color in the 1l-4-Hue (bands

3-5-7) image and the 1-4-Intensity composite.

RHYOLITE FLOW DOMES

Topaz Rhyolite flow domes are characterized by
peralkaline tendency and high fluorine and chlorine as well
as other incompatible elements that partition into highly
evolved magmatic differentiates (Table 19). These domes
tend to form concise small subcircular outlines. Tonal
contrast and color patterns within these deposits are
somewhat variable. In that regard they, thus, behave
similarly to the syenite complex described above. The
rhyolite and syenite flow domes are highly reflectant in
all bands, but the rhyolite domes more so in band 7 (Table
16). For that reason rhyolite domes form a strikingly
anomalous dark bullseye contrast on the 5/7 ratio image.
They are brilliant red on the 3/1-5/7-4 composite. The
formation is uniquely bright in PC5, quite bright also in
PCl. It is darker in PC2. The unit tends to resemble the
Kane Wash Tuffs on many of the composite images. It
exhibits slight deviation from the latter, however, in the
1-4-Saturation and intensity (bands 3-5-7) composites.
Perhaps the best images for discrimination are the
individual bands, PC5, 5/7 ratio, and saturation with bands

3-5-7, in which the unit appears dark.
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LATE BASALT

Basalt caps the mesas within the caldera. Its spectra
are contaminated by vegetative cover, including sparse to
moderately dense evergreens up to 35-40%. The basalt flows
are dark in all bands, with a slight increase in band
(Tables 16 and 19). The unit is rather light, however, in
the 5/7 ratio image and therefore greenish on the 3/1-5/7-4
composite. In the 3-5-7 composite the lavas are blue to
greenish. The unit is very dark in PCl1l, indistinct on
other PC’s. On the PC composites, 1-2-3 and 2-3-4, basalt
is dark blue to dusty blue. On the intensity image of the
ISH function of bands 3-5-7, the formation is dark but
indistinct in hue and saturation. On the 1-4-ISH
composites the basalt is a dark felty green. The unit is a
rather distinctive purple on the 3/1-5-PC2 image.

Table 20 summarizes qualitative T™ imagery
relationships between the various volcanic units at each of
the three study sites. Table 16 tabulates average DN
values for each unit and Tables 17, 18, and 19 compare
imagery characteristics over each rock assemblage with

lithologic, compositional, and field relationships.

BASAL GLASS ENHANCEMENT

Identification of glassy zones within a pile of ash

flow tuffs is paramount to stratigraphic separation among
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ash flow formations. Formational bases are designated by
convention at glassy intervals which prove that the
underlying deposit was cool prior to deposition of the
overlying flow. Intervals between glassy zones are called
cooling units. They are formally assigned formation
status.

Directional filters were applied to a Stonewall
Mountain contrast enhanced band 5 image in an attempt to
highlight thin air fall tuff deposits -and basal
vitrophyres. Air fall tuffs (Plinian type) often precede
ash flow deposition and basal vitrophyres may form at the
bases of ash flows where bedrock was cool.

Filters (Appendix D) create a mask or "kernel" and then
"convolve”" it to the image. The mask or kernel is a two
dimensional matrix, in this case a low-pass, 3 x 3 matrix,
which centers on each pixel in the scene and weights the
surrounding pixels according to preset amounts. The sum of
the new weighted values of surrounding pixels is then
compared to a new 